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Abstract

It is now well established that waves generated in the lower atmosphere can propagate upward and significantly impact the

dynamics and mean state of the ionosphere-thermosphere (IT, 100-600 km) system. Given the geometry of magnetic field

lines near the equator, a significant fraction of this IT coupling occurs at low latitudes and is driven by global-scale waves of

tropical tropospheric origin, such as the diurnal eastward-propagating tide with zonal wavenumber 3 (DE3) and the ultra-fast

Kelvin wave (UFKW). Despite recent progress, lack of coincident global observations has thus far precluded full characterization

of the sources of day-today variability of these waves, including nonlinear interactions, and impacts on the low-latitude IT.

In this work, in-situ ion densities from Ionospheric Connection Explorer (ICON) and Constellation Observing System for

Meteorology, Ionosphere and Climate 2 (COSMIC-2) Ion Velocity Meter (IVM) along with remotely-sensed zonal winds from

ICON Michelson Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) are used to reveal 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. Spectral analyses for a 40-day period of similar local time demonstrate prominent IT coupling via DE3, a 3-day

UFKW, and the two 1.43-day and 0.77-day secondary waves from their nonlinear interactions. While all these waves are

found to dominate the F-region spectra, only the UFKW and the 1.43-day secondary wave can propagate to 270 km suggesting

E-region wind dynamo processes as major contributors to their observed ionospheric signatures.
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Abstract It is now well established that waves generated in the lower atmo-
sphere can propagate upward and significantly impact the dynamics and mean
state of the ionosphere-thermosphere (IT, 100-600 km) system. Given the ge-
ometry of magnetic field lines near the equator, a significant fraction of this
IT coupling occurs at low latitudes (<30◦) and is driven by global-scale waves
of tropical tropospheric origin, such as the diurnal eastward-propagating tide
with zonal wavenumber 3 (DE3) and the ultra-fast Kelvin wave (UFKW).
Despite recent progress, lack of coincident global observations has thus far
precluded full characterization of the sources of day-to-day variability of these
waves, including nonlinear interactions, and impacts on the low-latitude IT. In
this work, in-situ ion densities from Ionospheric Connection Explorer (ICON)’s
and Constellation Observing System for Meteorology, Ionosphere and Climate
2 (COSMIC-2)’s Ion Velocity Meter (IVM) along with remotely-sensed zonal
winds from ICON’s Michelson Interferometer for Global High-resolution Ther-
mospheric Imaging (MIGHTI) are used to reveal 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. Spectral analyses
for a 40-day period of similar local time demonstrate prominent IT coupling
via DE3, a 3-day UFKW, and the two ∼1.43-day and ∼0.77-day secondary
waves from their nonlinear interactions. While all these waves are found to
dominate the F-region spectra, only the UFKW and the 1.43-day secondary
wave can propagate to ∼270 km suggesting E-region wind dynamo processes
as major contributors to their observed ionospheric signatures.
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1 Introduction

The extent to which terrestrial weather can influence the dynamics and mean
state of the ionosphere-thermosphere (IT, 100-600 km altitude) is an impor-
tant discovery of the last two decades or so. Much of this coupling occurs at low
latitudes (<30◦), due to the geometry of magnetic field lines near the equator,
and is driven by waves that are excited by deep convective processes in the
tropical troposphere and that propagate upwards into the IT system. Tropi-
cal troposphere variability is essentially mapped into the IT system through
a variety of neutral-ion coupling processes, and over a range of spatial and
temporal scales (e.g., Liu et al., 2016; Yigit and Medvedev, 2015).

It is now well established that few waves from the tropical wave spectrum
(hereafter ‘ultra-fast tropical waves’, or UFTWs) preferentially propagate into
the IT system, and modify neutral density and satellite drag (Forbes et al.,
2009; Oberheide et al., 2009; Gasperini et al, 2015, 2018), thermospheric winds
(Gasperini et al., 2015, 2020), ionospheric densities (Chang et al., 2011; He
et al., 2011; Gu et al., 2014a; Pedatella and Forbes, 2009; Gasperini et al.,
2021), and even GPS scintillations (Liu et al., 2013) to an important degree.
Two of the more prominent and well-established UFTW are the eastward-
propagating diurnal tide with zonal wave number s = -3 (DE3), and the
eastward-propagating ∼2.5-day to ∼4-day period ultra-fast Kelvin wave with
zonal wave number s = -1 (UFKW, or UFKW1). DE3 is believed to originate
primarily in the tropical troposphere by latent heat release in deep convec-
tive clouds (e.g., Hagan, 1996; Lieberman et al., 2007), and its equatorially
symmetric mode, which is the largest component in the lower thermosphere
(Truskowski et al., 2014), is well capable of propagating into the middle ther-
mosphere (Oberheide et al., 2011a; Gasperini et al., 2015, 2018) and iono-
sphere (Gasperini et al., 2021) due to its long vertical wavelength of ∼56 km.
UFKWs are a special kind of gravity waves modified by the Earth’s rotation
and trapped in the equatorial and low-latitude regions, where the Coriolis
force is negligible (Salby et al., 1984; Andrews et al., 1987). UFKWs originate
primarily from latent heat release in the tropical troposphere and have pre-
dominance of the kinetic energy in the zonal wind component. UFKWs have
the longest vertical wavelength (>50 km) of all Kelvin waves and thus can pen-
etrate well into the lower and middle thermosphere, with amplitudes of ∼25 K
in temperature and ∼30 m/s in zonal wind around 110 km (Gu et al., 2014a),
and zonal wind amplitudes exceeding 10 m/s near 260 km (Gasperini et al.,
2015). In the context of this study, lower thermosphere denotes altitudes ex-
tending from ∼90-120 km and middle thermosphere refers to altitudes ranging
between ∼120-270 km.

The ionospheric plasma distribution and dynamics in the equatorial and
low-latitude regions are primarily controlled by E-region and F-region elec-
trodynamic processes (e.g., Fejer, 1981, 2002; Heelis, 2004; England et al.,
2011). In particular, the dynamo wind modulation induced by various waves
in the ionospheric E-region is commonly used to interpret ionospheric variabil-
ity associated with UFTW-induced changes in the thermosphere. Additionally,
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as discussed above, UFTWs with sufficiently large vertical wavelengths (e.g.,
greater than ∼60 km) are capable of propagating into the middle thermo-
sphere causing UFTW-like oscillations in the F-region dynamo electric fields,
ion densities, and ion drift velocities. Moreover, UFTWs can lead to an overall
depletion of the mean ionospheric electron/ion density due to the so-called
mixing effect, caused by an additional residual circulation that leads to a net
vertical transport and diffusion of atomic oxygen and molecular nitrogen (Yue
and Wang, 2014; Jones et al., 2014). Lastly, different components of the wave
spectrum can interact with each other to produce secondary waves (SWs)
that propagate from their sources as independent waves (Palo et al., 1999;
Moudden and Forbes, 2013, 2014; Gasperini et al., 2014, 2015, 2017a, 2018;
Yamazaki et al., 2021; Forbes et al., 2021a,b). As the SWs occur with wave
periods and zonal wave numbers different than the primary interacting waves,
the aggregation of primary waves and SWs results in significant more spa-
tial and temporal variability than that from the simple linear superposition
of the primary waves (Gasperini et al., 2015; Forbes et al., 2021b). A num-
ber of studies demonstrated that the aforementioned UFTWs and the SWs
arising from their nonlinear interactions play key roles in driving day-to-day
and intra-seasonal variability in the IT system (Egito et al., 2018; Gasperini
et al., 2015, 2017, 2020, 2021; Gan et al., 2017; Gu et al., 2018; Miyoshi and
Yamazaki, 2020; Triplett et al., 2019; Forbes et al., 2021a,b; Liu et al., 2021).
Previous modeling work by Gasperini et al. (2017a) showed that SWs arising
from UFTW interactions are mainly excited below ∼100 km, and that their
exponential growth with height combined with molecular dissipation leads to
SW amplitude maxima around ∼110-140 km and significant amplitudes that
are still present near 260 km. SWs are thus capable of carrying longer pe-
riodicities, such as those of UFKWs and planetary waves, into the F-region
ionosphere either through E-region dynamo processes (Miyoshi and Yamazaki,
2020), or via direct propagation into the F-region (England et al., 2010, 2011;
Forbes et al., 2018; Forbes, Maute and Zhang, 2020a,b,c).

Despite this important process achieved in the past decade or so, our cur-
rent understanding of the IT coupling involving large-scale waves is primarily
based on general circulation model (GCM) simulations. This is largely because
of lack of coincident global observations of the physical parameters responsible
for IT coupling. In particular, significant uncertainty still exists on the relative
contribution between E-region and F-region electrodynamic processes in con-
tributing ionospheric variability. Fully charactering the UFKW amplitude and
phase spectrum in concurrent lower and middle thermosphere winds and F-
region ion density holds the promise to significant advance our understanding
in this area.

Recent availability of concurrent Ionospheric Connection Explorer (ICON)
and Constellation Observing System for Meteorology, Ionosphere and Cli-
mate 2 (COSMIC-2) satellite observations during the solar minimum and
geomagnetically-quiescent years of 2020 and 2021 provides the unique oppor-
tunity to develop a comprehensive understanding of how UFTW and their
nonlinear interactions couple different regions of the IT system. In this work,
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we employ contemporaneous in-situ-measured total ion densities from nearly
identical Ion Velocity Meter (IVM) instruments onboard ICON and COSMIC-
2 (near 590 and 540 km, respectively) and remotely-sensed zonal winds from
ICON’s Michelson Interferometer for Global High-resolution Thermospheric
Imaging (MIGHTI) instrument (near 90-300 km), along with a so-called pseudo-
longitude (PL) spectral analysis method (discussed in detail in Section 3), to
provide new insights on the ability of this selected group of high-impact waves
to couple lower and middle thermospheric variability with F-region ionospheric
variability. The results herein presented focus on the 40-day period between
11 July 2020 and 20 August 2020 when both ICON and COSMIC-2 E2 (C2E2,
one the six satellites of the constellation, see discussion in Section 2.2) provided
similar (within ±30-min) magnetic local time (MLT) coverage.

The outline of this study is as follows: Section 2 describes the data sets and
inter-comparison/validation analyses; Section 3 details the aforementioned PL
method; Section 4 contains results from PL spectral analyses; while Section 5
provides a brief summary that includes a statement on the need for further
work.

2 Data

This work employs total ion densities measured by ICON IVM (Heelis et al.,
2017) and COSMIC-2 IVM (Schreiner et al., 2020), as well as zonal neutral
winds from the ICON MIGHTI (Englert et al., 2015, 2017; Harding et al.,
2017) during 1 July 2020 - 20 August 2020. Figure 1 shows the time series
of the daily F10.7cm solar radio flux (panel a) and 3-hourly kp geomagnetic
(panel b) indices during the 40-day period herein analyzed. As illustrated by
Figure 1, this period is characterized by low geomagnetic activity (kp<4) and
quiet solar flux conditions (68<F10.7<75) making it an excellent period for
investigating IT coupling via upward-propagating waves.

2.1 ICON MIGHTI Wind and IVM Ion Density

ICON is a NASA Heliophysics System Observatory mission launched on 10
October 2019 in a nearly circular orbit at an altitude near 590 km with ∼27◦

inclination to directly measure the processes of ionospheric modification by
the dynamics of the neutral atmosphere (Immel et al., 2018, 2019, 2021). This
study employs MIGHTI L2-2 V4 green-line vector winds (95-106 km, day-
time and nighttime) and MIGHTI L2-2 V4 red-line vector winds (200-270 km,
daytime and nighttime). Recent work by Dhadly et al. (2021) demonstrates
agreement between MIGHTI and Thermosphere, Ionosphere, Mesosphere En-
ergetics and Dynamics Doppler Interferometer (TIMED/TIDI) zonal wind ob-
servations, with correlations around 0.6 and root mean square (RMS) differ-
ences of ∼56 m/s, and similar large amplitude longitudinal variations. RMS
differences of MIGHTI winds to ground-based radars and interferometers are
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on the order of 20 m/s (Harding et al., 2021; Makela et al., 2021). Previous
work on TIMED/TIDI by Oberheide et al. (2006) demonstrates that such er-
rors are negligible in tidal/wave fits when a sufficiently large number of profiles
are used. This study further employs ICON IVM-A L2-7 V5 total ion density
measurements (Heelis et al., 2017; Huba et al., 2021; Park et al., 2021a,b). The
IVM data are down-selected by including data only for times where the two
‘RPA’ and ‘DM’ flags are both equal to zero. As noted by Heelis et al. (2017),
ICON ion density are generally always reliable and with accuracy exceeding
103 cm−3. See the Acknowledgments for a statement on data availability.

2.2 COSMIC-2 IVM Ion Density

The COSMIC-2 satellite mission consisting of six low-Earth-orbit satellites
(C2E1-C2E6) was launched on 25 June 2019 into a nearly circular ∼720 km
altitude orbit at an inclination of ∼24◦ (Schreiner et al., 2020). After over one
year in orbit, C2E1-C2E6 reached their final orbital configuration near 540
km with a ∼60◦ longitude separation (Lin et al., 2020; Chou et al., 2021).
C2E1-C2E6 provide in-situ measurements of ion densities from onboard IVM
instruments similar in design to the IVM instrument onboard ICON. C2E1-
C2E6 ion density uncertainties are estimated to be around 3x103 cm−3 (Chou
et al., 2021). For this study we employ the L2 post-processed total ion density
data product from C2E2. See the Acknowledgments for a statement on data
availability.

2.3 Comparative Analyses and Inter-Validation of ICON and C2E2 IVM

As previously noted, during 11 July 2020 - 20 August 2020 ICON and C2E2
offered similar MLT coverage from orbits separated in altitude by only about 50
km. This arrangement provides an excellent opportunity to perform detailed
correlative analyses on these data sets. Figure 2a shows the time series of
C2E2 (blue line) and ICON (red line) equatorial MLT during 1 August 2019
through 23 March 2021, while Figure 2b shows the corresponding equatorial
mean altitudes. A full diurnal cycle (24-hr of MLT) is completed in about 1
month for both ICON and C2E2 near the equator. C2C2 was lowered from
its initial altitude near 720 km to its final ∼540 km orbital configuration in
March 2020, while ICON was launched and operates near 590 km altitude.
As shown in Figure 2a, during this 40-day period equatorial ICON and C2E2
IVM measurements are within ±30-min of MLT.

In order to investigate the degree of agreement between the ICON and
C2E2 IVM ion density data prior to applying spectral analysis methods, we
performed correlation analyses between these datasets during the 40-day pe-
riod of similar MLT noted above. Figures 3a and 3b show the equatorial ICON
(red dots) and C2E2 (blue dots) MLT and mean altitude, respectively; while
Figures 3c and 3d show ICON and C2E2 equatorial total ion densities during
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daytime (6-18 MLT) and nighttime (0-6 MLT and 18-24 MLT), respectively.
Ion density values up to ∼2.8x105 during daytime and ∼1.8x105 during night-
time are found for both ICON and C2E2. The 24-hour local time (LT) pre-
cession cycle of about 30 days for ICON and C2E2 IVM is evident in Figure
3a. ICON and C2E2 ion densities display remarkable agreement, with simi-
lar temporal variability. The Pearson correlation coefficient between the two
time series is r=0.91 during daytime and r=0.87 during nighttime. The not
perfect agreement between the ICON and C2E2 IVM measurements can be
ascribed to geophysical variability in the data between about 540 km and 590
km, small differences in MLT sampling, and uncertainties in the ICON and
C2E2 ion density retrievals.

Further comparisons between the ICON and C2E2 total ion densities dur-
ing 11 July 2020 and 20 August 2020 are provided in Figure 4. Panels 4a-l
contain scatter plots of ICON and C2E2 ion density, with daytime and night-
time data combined, at different magnetic latitudes (MLAT) from 27◦S to
28◦N in 5◦ steps. Pearson correlation coefficients are found to vary between
r=0.631 and r=0.785, with higher correlations between 13◦N and 28◦N MLAT.
Stronger correlation are generally found for MLAT sectors containing the
largest amount of data (i.e., 12◦S-18◦N), with data near 17◦S and 28◦N as
notable exceptions (Figure 4m). Figure 4n contains the line plot of Pearson
correlation coefficients as a function of MLAT during daytime (blue line) and
nighttime (red line), which demonstrates higher daytime (nighttime) correla-
tions for MLAT <0◦ (>0◦). It would be beyond the purview of the current
study to investigate the origin of the differences and their relation to MLAT
and MLT. Note that while some dependencies on MLAT and MLT in the
correlations are present, within about -20◦<MLAT<20◦ the correlations are
always greater than 0.6. These findings provide reassurance in the quality of
the low-latitude C2E2 and ICON IVM L2 total ion density products during
the 40-day period herein employed.

3 Methods

3.1 Ascending-Descending Node Differences

Due to their slow LT precession, analyses of ICON’s and C2E2’s data for in-
vestigating large-scale wave variability proves challenging. This is because the
waves derived using the full ∼30-day precession cycle are an average over this
period and changes in the zonal mean are viewed as a LT variation. Thus the
evolution of the zonal mean can alias into the derived migrating tidal fields and
temporal variations in stationary and long-period planetary waves can alias
into the non-migrating tidal retrievals. See discussions in Zhang et al. (2006),
Forbes and Wu (2006), and Gasperini et al. (2015, 2017b) for further details.
Various methods of analyzing slowly-precessing satellite data to infer tidal
and wave information have been used to improve these effects. Notable stud-
ies by Lieberman (1991) and Oberheide and Gusev (2002) estimated diurnal
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tides on a daily basis by taking differences between ascending and descend-
ing node (hereafter ‘ADND’) measurements that are 12 hours or less apart in
LT. This method eliminates aliasing due to long-term trends and semidiurnal
tidal variability, but ambiguities in zonal wave number can occur, especially
for westward propagating tides. As explained in Section 4, we take advantage
of this ADND method to facilitate the interpretation of our spectral analysis
results.

3.2 Pseudo-Longitude Spectral Method

A pseudo-longitude (PL) spectral method developed by Moudden and Forbes
(2010, 2011, 2013, 2014) was employed by Gasperini et al. (2015, 2017a, 2018)
to investigate wave-wave interactions from slowly-precessing TIMED Sound-
ing of the Atmosphere using Broadband Emission Radiometry (SABER) and
Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) satellite
observations. As briefly described below, we apply this PL method to ICON
and C2E2 data. More detailed discussions on the PL method can be found in
the seminal works by Moudden and Forbes (2010, 2011).

The methodology consists of ordering data in PL, λp, defined as λp=|λ - c
x 2π|, where c is the number of times all longitudes (λ) have been covered by
a slowly precessing low-Earth orbiting satellite. This arrangement eliminates
the fictitious discontinuity at 2π longitude. If the mathematical description of
a nΩ-frequency tide with zonal wave number s is cos(nΩt+ sλp) and that of
a longer δΩ-frequency wave with zonal wave number m is cos(δΩt + mλp),
their interaction yields SWs with frequencies equal to Ω(n±δ) and zonal wave
numbers equal to s±m.

When sampled at a nearly constant LT, a tide appears as a wave in the
form cos(nΩtLT +(s−n)λp), a UFKW in the form cos(δΩtLT +(m−δ)λp), and
their sidebands in the form cos[(n± δ)ΩtLT + (s±m−n∓ δ)λp]. As noted in
Section 1, the various zonal wave numbers contribute to the zonal variability
in any atmospheric field. Spectral analysis of a given time series of space-
based measurements, can reveal the dominant values of (s − n), (m − δ) and
(s±m−n∓δ), and subsequently the dominant tides, UFKW, and any UFKW-
tide modulations. In the above representations, tides appear as integers, and
differentiating between a UFKW and the UFKW modulation of a migrating
tide (s− n = 0) is not possible.

As the LTs of both ICON and C2E2 evolve linearly with time, i.e., tLT =
αt + β with α and β constants (Forbes et al., 2017; Cullens et al., 2020).
Using the definition of LT, tLT = tUT +λp/Ω (where tUT is universal time), it
can be easily shown that the traditional writing of a tidal component may be
expressed as: cos[nΩβ/(1 − α) + (s − n)/(1 − α)λp)]. Thus, spectral analysis
will yield the (s − n)/(1 − α) wave numbers for tides, (m − δ)/(1 − α) for a
UFKW and ((s ±m) − (n ± δ))/(1 − α) for SWs. Given that α is less than
0.0125 for both ICON and C2E2, their precession is slow enough that the shift
it introduces in the spectra is negligible.
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A view of the MLAT-PL structure of ICON and C2E2 total ion densities
for the ascending and descending portions of the orbit is offered by Figure 5.
The large ion density enhancements around 10-25 x 360◦ (25-40 x 360◦) for
the descending (ascending) parts of the orbits occur when the MLT is near
the afternoon peak in electron density.

4 Spectral Analyses of F-region Ion Densities

As noted in Section 3.1, methods have been developed and applied to estimate
diurnal tides on a daily basis by taking ADND from slowly-precessing satellite
measurements that are about 12 hours apart in LT (Lieberman, 1991; Ober-
heide and Gusev, 2002, Gasperini et al., 2015, 2021). In order to eliminate
aliasing due to long-term trends, minimize zonal mean and semidiurnal tidal
influences, and concentrate on diurnal tidal variability, sets of ADND are first
calculated for different latitude sectors (in 5◦ MLAT bins) from ICON and
C2E2 IVM data during 11 July 2020 - 20 August 2020, and subsequently PL
spectral method are applied to these ADND sets. Similar to Gasperini et al.
(2015), a threshold of at least 9-hour of LT separation between the ascending
and descending nodes is used for the wave analyses herein implemented. This
requirement constrains the geographic latitude range for spectral analyses to
∼ ±10◦ for IVM and to ∼5◦N-25◦N for MIGHTI.

Figures 6a and 6b show the MLAT-PL structure of ICON and C2E2 ion
density ADND near ±30◦ MLAT. The large ∼30-day variations displaying
minima of around -1e5 n/cc near 10-20 x 360◦ and maxima of around 1e5
n/cc near 30-40 x 360◦ are due to ICON’s and C2E2’s ∼30-day-long precession
cycles. Spectral analysis results of the PL series in Figures 6a and 6b, calculated
averaging ICON and C2E2 data near ±10◦ MLAT during 1-7 August 2020, are
shown in Figures 6c and 6d, respectively. The length of the window is chosen
to balance the need to capture longer period waves (e.g., up to 2 cycles for a
3.5-day UFKW), while allowing the approximation of a constant LT. Note that
on average for latitudes within ±15◦ ICON and C2E2 observe a 24-hour LT
precession in about 41 days (see Figure 4a in Cullens et al. (2020) for ICON’s
LT precession); thus low-latitude ICON and C2E2 data averaged over a 7-
day period observe a LT change of about 4.1 hours. The spectra are obtained
using least squares methods (Vanicek, 1969, 1971), which are more adaptable
than the Fourier transform for non-uniformly spaced and gapped data. The
horizontal line in every spectrum plot indicates a critical percentage variance
at a 95% confidence level for detecting significant peaks in the spectrum.

Remarkable agreement exists between the ICON and C2E2 ion density PL
spectra. Clearly evident in both spectra are peaks around 1, 2, 3 and 4 cycles.
As discussed in detail in Section 3.1, in a PL spectrum non-migrating tidal
peaks appear at integers while migrating tides are not observable. The x-axis
represents the frequency in number of cycles per 360◦ in PL and the y-axis is
the power. The major peaks correspond to integer values which directly points
to tides: among all possible values of | s−n |, | m− δ | and | (s±m)− (n∓ δ) |
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only | s−n | are integers. The abbreviated name of the diurnal and semidiurnal
tides potentially responsible for the observed integer peaks are indicated in
Figures 6c and 6d. D stands for diurnal, S for semidiurnal, E and W for
eastward and westward propagating tides, respectively. Each abbreviated name
ends with the zonal wave number. As the PL spectra are calculated on ADND,
the semidiurnal tidal signatures are largely absent from Figures 6c and 6d. The
migrating tides are not distinguishable from the mean since s− n = 0. Based
on previous studies (e.g., Truskowski, 2014) most westward propagating and
terdiurnal tides can be assumed to be of smaller amplitude although they do
contribute to each peak.

Particular prominent in both ICON and C2E2 spectra are peaks around 2
and 4 cycles marked with green and red ‘∆’ symbols, respectively. The peak at
2 cycles can be ascribed to a prominent low-latitude DE1 (with possible minor
contributions by TW1 and DW3), while the peak at 4 cycles is evidence of a
large DE3 (and possible minor contributions by TE1 and DW5). The presence
of a strong DE3 tidal variation in F-region ion density is not unexpected
for the early August 2020 period and is in agreement with the well-known
seasonal variation of this tidal component excited in the tropical troposphere.
The lower and middle thermospheric DE3 is known to maximize around the
August-September months (Oberheide et al., 2011a, Gasperini et al., 2017),
and the results by Gasperini et al. (2021) already demonstrated prominent F-
region ion density DE3 amplitudes during the August-September 2020 period
using ICON and Scintillation Observations and Response of The Ionosphere
to Electrodynamics (SORTIE) IVM (Crowley et al., 2016) observations.

Also present in the spectra are large periodicities around 1.33 (blue ‘∆’),
0.67 (green ‘−’), 1.0 (orange ‘∆’), 1.67 (brown ‘−’), 2.2 (black ‘?’), 2.67 (red
‘−’), 3.0 (brown ‘∆’), 3.33 (green ‘+’), 4.2 (black ‘?’), 5.33 (red ‘+’) cycles. The
power associated with all of these periodicities is higher (and in many cases
significantly higher) than the 95% confidence level, denoted by the horizontal
dashed lines. The peak near 1.33 cycles is consistent with the signature of a 3-
day (i.e., δ = 0.33) UFKW with m = -1 (δ - m = 0.33 - (-1) = 1.33), the peak at
1 cycle can be ascribed to a large D0 (with possible minor contributions from
TW2 and DW2), the one at 3 cycles is likely due to DE2 (with possible minor
contributions from T0 and DW4), while those at 0.67, 1.67, 2.67, 3.33, and 5.33
cycles are likely the signature of SWs associated with the nonlinear interaction
of tides with the 3-day UFKW (color-coded according to the particular tide
likely involved in the interaction). Previous studies demonstrated the existence
of large quasi-3-day UFKW signatures in the low latitude lower and middle
thermosphere density and neutral winds (Gasperini et al., 2015, 2017, 2020)
and ionospheric Total Electron Content (TEC, Gu et al., 2014a). Particularly
prominent are the SW periodicities near 2.67 and 5.33 cycles associated with
DE3-UFKW interactions (red ‘−’ and ‘+’ symbols). Based on the discussion
in Section 3.2, the SW near 2.67 (5.33) cycles is characterized by zonal wave
number −2 (−4) and frequency 0.67Ω (1.33Ω), i.e., period of about 1.5 days
(0.75 days). The peaks near 2.2 and 4.2 cycles (denoted with black ‘?’ symbols)
are consistent with the interaction of non-migrating tides with a westward-
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propagating ∼6-day period wave, e.g., a quasi-6-day wave (Q6DW, Gu et al.,
2014b; Gan et al., 2016, 2017, Forbes and Zhang, 2017). Further work would
be needed to fully characterize these nonlinear interactions possibly involving
Q6DW activity. These efforts are left for a follow-on study.

While Figure 6 demonstrates remarkable agreement between the ICON and
C2E2 ion density time series during 11 July 2020 - 20 August 2020 (r=0.91 at
the magnetic equator, i.e., >82% of the variance) and their PL spectra dur-
ing 1-7 August 2020, some differences are worth noting. For instance, detailed
comparisons of Figures 6c and 6d reveal a smaller peak at 1 cycles for C2E2
compared to ICON and a smaller UFKW-DE2 sideband at 1.67 cycles for
ICON compared to C2E2. These differences are not surprising and are ascrib-
able to additional complexities possibly introduced by (among other effects)
wave dissipation, the presence of zonal mean winds, possible in-situ wave-wave
interactions, LT sampling differences, and inherent transience.

5 Spectral Analyses of Lower and Middle Thermospheric Winds

Next, the focus is on elucidating the extent to which the F-region ion density
wave variations observed by ICON and C2E2 can be traced to lower (∼97-
105 km) and middle (∼220-270 km) thermospheric zonal wind variability. To
this end, ICON’s MIGHTI zonal winds measured during 1-13 August 2020
are analyzed using the PL spectral method detailed in Section 3.2. Figure
7 contains the geographic latitude (10◦S-30◦N) versus PL series of ADND
zonal winds near 270 km (panel a), 220 km (panel b), 105 km (panel c), and
97 km (panel d) and their respective PL spectra calculated at 5◦N latitude
during 1-7 August 2020 (panels a′-d′, respectively). This 7-day period for the
PL spectra is selected to be consistent with the ion density results shown
in Figures 6c and 6d. The ADND zonal winds exhibit significant differences
in their latitude-temporal structures among the various altitudes examined,
particularly between 97 km and 105 km. This finding is indicative of large
vertical wind shears in this region (e.g., Yamazaki et al., 2022; Englert et al.,
2022). The low-latitude ADND zonal winds are found to vary between about
-100 m/s and 50 m/s near 97 km and -50 m/s and 150 m/s near 270 km.

The PL spectra contained in Figures 7a′-d′ reveal a clear picture of the most
prominent large-scale waves present in the lower and middle thermospheric
zonal wind during 1-7 August 2020. A remarkable agreement is found with
the upper F-region ion density spectra shown in Figures 6c and 6d. Clearly
marked in the spectra are peaks around 1.33 cycles due to the 3-day UFKW
(blue ∆ symbols), 4 cycles due to DE3 (red ∆ symbols), as well as peaks near
2.67 (red ‘−’ symbols) and 5.33 (red ‘+’ symbols) cycles associated with the
two SWs originating from DE3-UFKW interactions. From Figures 7c′ and 7d′

one can see that the DE3 peak at 4 cycles is more prominent near 105 km
than around 97 km. This result is consistent with the vertical propagation
and grown of this tidal component known to reach maxima in the ∼110-120
km altitude region. While still present near 220 km with reduced amplitudes,
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the thermospheric zonal wind DE3 variability is largely absent near 270 km.
Additionally, sideband ‘−’ tends to have comparable amplitudes to sideband
‘+’ near 97 km and 105 km, but sideband ‘+’ is largely absent near 220 km
and 270 km.

As previously noted, sideband ‘−’ has a period of about 1.5 days and zonal
wave number -2, compared with sideband ‘+’ that has period of about 0.75
days and zonal wave number -4. While DE3-UFKW nonlinear interactions
probably occur at altitudes lower than 97 km, the vertical propagation of the
sidebands may depend on zonal mean winds at altitudes below 97 km and
between 105 km and 220 km. For DE3 and the UFKW that are eastward
propagating waves, the frequency tends to be Doppler shifted to higher abso-
lute values in regions of westward wind and to lower absolute values in regions
of eastward wind (Forbes, 2000). Waves with larger Doppler-shifted frequency
are less effectively damped than those with smaller Doppler-shifted frequency
in regions where dissipation is important. As a result, waves tends to exhibit
larger amplitudes where Doppler shifting to higher absolute frequencies occurs.
In other words, in their vertical propagation waves can move from regions in
which they are able to propagate through regions in which they are evanescent
(process sometime referred to as wave tunneling). Regions of evanescence exist
where the buoyancy frequency of the atmosphere is greater than the intrinsic
frequency of a given wave, thus, it does not support buoyant motions when
perturbed over those timescales. Regions of evanescence for waves that are
able to propagate at other altitudes can occur via changes in the temperature
of the atmosphere with altitude or by altitudinal changes in the wind. The
altitude at which the buoyancy frequency matches the intrinsic frequency of
the wave is known as reflection level. In addition to Doppler-shifting mean
wind effects, generally higher zonal wave numbers correspond to shorter verti-
cal wavelengths and hence more susceptibility to dissipation. Follow-on work
will investigate in detail the height-latitude structure of primary waves and
SWs in MIGHTI data to study their propagation characteristics.

The absence of a clear DE3 signature in thermospheric zonal winds near
270 km suggests that dissipation for this wave component may be occurring
between 220 and 270 km. While greater middle thermospheric amplitudes for
sideband ‘−’ compared to sideband ‘+’ may be due to a shorter vertical wave-
length (higher zonal wave number) for sideband ‘+’. Based on the discussion
above, this is latter finding is consistent with the higher zonal wave number
for sideband ‘+’. The results in Figures 6 and 7 provide no conclusive explana-
tion on why one sideband might be more readily excited than another, or why
both might be excited during one period of time and not another, or why one
might propagate to higher altitudes and the other not. The absence of DE3
and sideband ‘+’ in MIGHTI zonal winds near 270 km is a strong indication
that the DE3 and sideband ‘+’ upper F-region ion density wave signatures
observed by ICON and C2E2 IVM (i.e., Figures 6c and 6d) are likely to be
primarily driven by E-region dynamo processes as opposed to direct F-region
in-situ electro-dynamical coupling. Follow-on work will employ contempora-
neous TIMED/SABER and SORTIE IVM observations to study in detail the
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spatial and temporal variability associated with primary waves and SWs in
the lower and middle atmosphere and mid-latitude F-region ionosphere.

Finally, the PL spectra shown in Figures 7a′-d′ demonstrate large peri-
odicities around 1 cycles that are significantly more prominent than those
observed in upper F-region ion densities. These wave-1 variations are likely
associated with the stationary planetary wave component of wavenumber 1
(SPW1) resulting from the offset between the geographic and geomagnetic
fields, driven by ion-neutral interactions, in the E-region or lower F-region
ionosphere. Forbes et al. (2009), Oberheide et al. (2011b), Forbes et al. (2012),
Jones et al. (2013), among others, proposed that a plasma-neutral interaction
due to the offset between the geographic and geomagnetic fields may be respon-
sible for the in-situ generation of a number of non-migrating tidal components.
In particular, Oberheide et al. (2011b) suggested that the D0 and DW2 could
be generated via a non-linear interaction between the in-situ generated DW1
(via EUV solar radiation absorption) and the SPW1 resulting from the off-
set between the geographic and geomagnetic fields (driven by plasma-neutral
interactions). All of these wave components are responsible for a wave-1 sig-
nature as viewed in a slowly-precessing orbit. Follow-on analyses of contempo-
raneous ICON MIGHTI and IVM measurements will cast new light into some
of the questions raised by these studies on the origin of thermospheric wave-1
longitudinal variability.

6 Summary and Conclusions

Recent availability of critical parameters characterizing the IT from nearly co-
incident space-borne instruments offered the unique opportunity to investigate
fundamental mechanisms responsible for coupling lower and middle thermo-
spheric wind variability with F-region ion density variability via large-scale
atmospheric wave propagation.

In this study, we first carried out comprehensive correlation analyses of
in-situ ICON and C2E2 total ion densities centered around a 40-day period of
similar MLT coverage extending from 11 July 2020 through 20 August 2020.
These analyses demonstrated significant agreement between the ICON and
C2E2 ion density measurements near 590 km and 540 km altitude, respec-
tively. Pearson correlation coefficients were found to vary between r=0.631
and r=0.785, greatest between 13◦N and 28◦N MLAT, and generally higher
during daytime in the southern hemisphere and nighttime in the northern
hemisphere.

Next, we applied spectral analysis techniques to both ICON IVM and C2E2
IVM total ion densities to study the presence and impacts of global-scale waves
on the upper F-region ionosphere at two altitudes separated by only about 50
km. Remarkable agreement was found between the ICON and C2E2 ion density
spectra. Wave analyses revealed a rich spectrum of upward propagating global-
scale waves, including large non-migrating diurnal DE3, DE2, and DE1 tidal
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and 3-day UFKW variations, as well as prominent SWs associated with tidal-
UFKW nonlinear interactions.

Finally, we applied the spectral analysis methods to concurrently remotely-
sensed ICON MIGHTI zonal winds near 95-105 km and 220-270 km to study
connections with the lower and middle thermosphere. The aim was to gain
novel insights on the ability of the selected group of high-impact global-
scale waves to propagate into the middle thermosphere and generate F-region
ion density variability. This analysis demonstrated strong similarities between
the concurrently-observed ionospheric and lower/middle thermospheric wave-
induced variability. The thermospheric zonal wind spectra for 1-7 August 2020
were found to be dominated by DE3, the UFKW, and their sidebands with
s = −2 and period of ∼0.75 day (sideband ‘−’) and with s = −4 and period
of ∼1.5 days (sideband ‘+’). The thermospheric DE3 was found to be larger
near 105 km than ∼97 km, consistent with the vertical propagation and grown
of this tidal component up to ∼110-120 km altitude. While present near 220
km with significantly reduced amplitudes, DE3 was found to be largely absent
near 270 km. Sideband ‘−’ was found to have comparable amplitudes to side-
band ‘+’ both near 97 km and 105 km, while sideband ‘+’ was found to be
negligible near 220 km and 270 km. For eastward-propagating waves, including
the UFKW, DE3 and their two sidebands, the frequency is Doppler shifted to
lower absolute values in regions of eastward mean winds, while higher zonal
wave number waves are generally characterized by shorter vertical wavelengths.
Both of these effects would correspond to greater susceptibility to molecular
dissipation for these wave components. The absence of DE3 and sideband
‘+’ in thermospheric zonal wind near 270 km suggests that the ionospheric
signatures are likely to be primarily driven by E-region dynamo processes as
opposed to direct F-region in-situ electro-dynamical coupling or compositional
effects.

The results herein presented emphasize the importance of studying how
and to what extent vertically-propagating global-scale waves originating in the
lower and middle atmosphere contribute IT variability. Nonlinear interactions
among these waves are shown to produce SWs that can be as large as the waves
producing them. These findings indicate that nonlinear interactions involving
global-scale waves are responsible for important variability that should be
accounted for when analyzing IT variability in nonlinear models and satellite
data. Follow-on work will study in detail the spatial and temporal variability
in fundamental IT parameters associated with primary and SWs, including
their overall impacts on day-to-day and spatial variability. These efforts will
take advantage of contemporaneous and complementary ICON, COSMIC-2,
SORTIE, and TIMED satellite observations and will include investigating the
relative contribution of different processes for generating F-region ionospheric
variability. MIGHTI wind observations will provide an excellent data set for
investigating the height-latitude structures of primary waves and SWs as they
propagate through the lower and middle thermosphere, while analyses of IVM
data from the SORTIE CubeSat with an orbital inclination near ∼51.6◦ will
prove essential to study wave propagation to middle latitude regions.
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Fig. 1 Time series of the daily F10.7 solar flux (panel a) and 3-hourly Kp geomagnetic
(panel b) indices during 11 July 2020 - 20 August 2020.
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Fig. 2 Time series of equatorial C2E2 (blue) and ICON (red) magnetic local time (MLT)
(panel a) and mean altitude (panel b) from 1 August 2019 through 23 March 2021. The
black box denotes the 40-day period between 11 July 2020 and 20 August 2020 with similar
(within about 30-min) MLT focus of this study.
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Fig. 3 Time series of C2E2 (blue) and ICON (red) MLT (panel a), mean altitude (panel
b), daytime (6-18 MLT, panel c) and nighttime (0-6 MLT and 18-24 MLT, panel d) total
ion densities during 11 July 2020 - 20 August 2020 near the geomagnetic equator.
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Fig. 4 Scatter plots of ICON versus C2E2 total ion densities from 27◦S to 28◦N MLAT in
5◦ bins (panels a-l). Fitting line (shown in red), fitting coefficient, and Pearson correlation
coefficients also included in each panel. The Pearson correlation coefficient computed as a
function of MLAT for combined daytime/nighttime data (panel m) and for daytime (blue)
and nighttime (red) data binned separately (panel n) are also included.
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Fig. 5 MLAT versus pseudo-longitude structure of ascending and descending node ICON
(panels a and c) and C2E2 (panels b and d) IVM total ion densities during 11 July 2020 -
20 August 2020.
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Fig. 6 MLAT versus pseudo-longitude contours of ICON (panel a) and C2E2 (panel b)
IVM total ion density ascending/descending node differences (divided by 2) during 11 July
2020 - 20 August 2020. The white space in panel b denotes missing data for C2E2. The
Pearson correlation coefficient between the ±10◦ MLAT averaged ICON and C2E2 ADND
is calculated to be r=0.91, as noted at the bottom of panel a. Panels c and d contain the
low-latitude (±10◦ MLAT) ICON and C2E2 spectra during 1-7 August 2020, respectively.
Clearly marked in panels c and d are the wave components responsible the observed peri-
odicities. The ‘plus’ and ‘minus’ symbols in panels c and d denote secondary waves due to
tide-UFKW interactions. The black box in panels a-b denote the approximate data range
used for the periodograms in panels c-d.
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Fig. 7 Geographic latitude versus pseudo-longitude contours of ICON MIGHTI zonal wind
ADND during 1 - 13 August 2020 near 270 km (panel a), 220 km (panel b), 105 km (panel c),
and 97 km (panel d). Panels a′-d′contain the spectra computed at 5◦N geographic latitude
during 1-7 August 2020. Periodicities associated with a 3-day UFKW near 1.3 cycles (blue
‘∆’ symbols), DE3 at 4 cycles (red ‘∆’ symbols), and their two sidebands near 2.7 and 5.3
cycles (red ‘minus’ and ‘plus’ symbols) are clearly marked. The black box in panels a-d
denote the approximate data range used for the periodograms in panels a′-d′.


