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Abstract—This study explores the meteorological source and vertical propagation of gravity waves (GWs)
that drive daytime traveling ionospheric disturbances (TIDs), using the specified dynamics version of the
SD-WACCM-X (Whole Atmosphere Community Climate Model with thermosphere-ionosphere
eXtension) and the SAMI3 (Sami3 is Also a Model of the Ionosphere) simulations driven by
SD-WACCM-X neutral wind and composition. A cold weather front moved over the northern-central
USA (90-100°W, 35-45°N) during the daytime of 20 October 2020, with strong upward airflow. GWs
with ~500-700 km horizontal wavelengths propagated southward and northward in the thermosphere over
the north-central USA. Also, the perturbations were coherent from the surface to the thermosphere; there-
fore, the GWs were likely generated by vertical acceleration associated with the cold front over Minnesota
and South Dakota. The convectively generated GWs had almost infinite vertical wavelength below
~100 km due to being evanescent. This implies that the GWs tunneled through their evanescent region
in the middle atmosphere (where a squared vertical wavenumber is equal to or smaller than 0) and became
freely propagating in the thermosphere and ionosphere. Medium-scale TIDs (MSTIDs) also propagated
southward with the GWs, suggesting that the convectively generated GWs created MSTIDs.

Keywords: Gravity wave / Medium-scale traveling ionospheric disturbance / Traveling ionospheric disturbance

modeling

1 Introduction

Traveling ionospheric disturbances (TIDs) are propagating
plasma perturbations with wave-like structures in the iono-
sphere. Understanding and predicting the formation mecha-
nisms of TIDs is critical for improving space weather
forecasting systems (Zawdie et al., 2022) and the precision of
the Global Navigation Satellite System (GNSS) applications
(Hernandez-Pajares et al., 2006, 2017).

TIDs are classified according to their temporal and spatial
scales into two groups: large-scale (LSTIDs) and medium-scale
(MSTIDs) (Hunsucker, 1982; Hocke & Schlegel, 1996; Otsuka,
2021). LSTIDs have horizontal wavelengths of longer than a
thousand km and periods of 30 min to 3 h, while MSTIDs have
horizontal wavelengths of several hundred kilometers and
periods of 15 min to 1 h (Hunsucker, 1982).

There are two types of MSTIDs. The first type is induced by
the Perkins instability. The occurrence of Perkins-type MSTIDs
primarily peaks near the solstices (e.g., Lee et al., 2021), and
propagates equatorward and westward only during nighttime
(Kelley & Miller, 1997; Miller et al., 1997; Shiokawa et al.,
2003; Martinis et al., 2011). The sporadic E instability or gravity
waves (GWs) coupled with the Perkins instability are the pri-
mary mechanisms to explain the fast growth of electrified night-
time MSTIDs (e.g., Perkins, 1973; Yokoyama & Hysell, 2010;
Chou et al., 2022, 2023). The second type of MSTID is induced
by GWs, which can propagate in any direction during the day-
time and nighttime (Hines, 1960; Hocke & Schlegel, 1996; Kel-
ley & Miller, 1997; Miller et al., 1997; Kotake et al., 2007;
Otsuka et al., 2013; Nicolls et al., 2014; Otsuka, 2021; Vadas
& Azeem, 2021; Perwitasari et al., 2022; Themens et al.,
2022; Zhang et al., 2022; Vadas et al., 2023). Unless they have
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horizontal phase speeds much larger than the background wind
speed, most GWs propagate approximately opposite to the
direction of the horizontal wind which changes in time (Vadas,
2007; Fritts & Vadas, 2008). These latter MSTIDs propagate in
the same direction as the GWs (Nicolls et al., 2014). Therefore,
most of these latter MSTIDs propagate approximately opposite
to the direction of the neutral horizontal wind. This propagation
feature has been confirmed by observations (Crowley et al.,
1987; Vadas & Crowley, 2010; Crowley & Rodrigues, 2012;
Xu et al., 2024). GWs are vital to transporting momentum from
the lower to the upper atmosphere, affecting the distribution of
chemical constituents globally in the ionosphere and thermo-
sphere (Hines, 1960; Hocke & Schlegel, 1996; Zawdie et al.,
2022). Otsuka et al. (2013) reported that the latter type of
MSTID tends to propagate equatorward during daytime. Otsuka
et al. (2013) proposed this to be due to the maximum ion drag
across the magnetic field lines; in other words, ion velocity per-
turbations parallel to the magnetic field lines are larger than per-
turbations perpendicular to the magnetic field lines (Otsuka
et al., 2013; Nicolls et al., 2014; Huba et al., 2015). Therefore,
the propagation direction of MSTIDs is affected by both ion
drag and background wind.

Many observational and modeling studies provide clues that
MSTIDs are generated by GWs originating in the lower atmo-
sphere. These studies have shown that the potential sources of
GWs that drive MSTIDs include earthquakes, volcanic erup-
tions, tropical cyclones, tsunamis, thunderstorms, and primary
GW breaking (secondary GW generation) in the middle atmo-
sphere (Hung & Kuo, 1978; Taylor & Hapgood, 1988; Vadas
& Liu, 2009, 2013; Vadas & Crowley, 2010; Liu et al., 2011;
Nishioka et al., 2013; Chou et al., 2016; Azeem et al., 2017;
Miyoshi et al., 2018; Vadas & Azeem, 2021; Heale et al.,
2022a, Takahashi et al., 2022; Wright et al., 2022; Yang et al,
2022; Vadas et al., 2023, 2022b). Vadas & Liu (2009, 2013)
simulated primary and secondary GWs from deep convection
and the induced TIDs using a local high-resolution deep
convection model and the global Thermosphere-lonosphere-
Mesosphere-Electrodynamics  General —Circulation Model
(TIME-GCM). The TIDs were generated from the secondary
GWs at z~180 km from the dissipation of primary convectively
generated GWs over Brazil and had horizontal wavelengths
>2000 km due to the low model resolution of the TIME-
GCM. Miyoshi et al. (2018) simulated TIDs generated by
GWs in a global whole atmosphere-ionosphere coupled model,
the Ground-to-topside model of Atmosphere and Ionosphere
for Aeronomy (GAIA) with 1° x 1° horizontal resolution. The
simulated TIDs were generated with 700-1500 km horizontal
wavelengths and 45-90-min periods by neutral wind perturba-
tions associated with upward propagating GWs. Those GWs
were secondary waves emitted from altitudes of 80-100 km
by breaking primary waves from the troposphere. Miyoshi
et al. (2018) concluded that TIDs are associated with secondary
GWs primarily originating from the upper mesosphere and
lower thermosphere during boreal winter. However, their
1° x 1° spatial resolution could not fully resolve small-scale
GWs or weather systems (convective wave sources). Recently,
Vadas et al. (2023) simulated GWs from the Tonga eruption
by using three models: the Hlgh Altitude Mechanistic general
Circulation Model (HTAMCM), Model for gravity wavE Source,
Ray tracing and reconstruction (MESORAC), and SAMI3
(Sami3 is Also a Model of the Ionosphere) driven by HIAMCM.

The HIAMCM is a whole-atmosphere model for neutral
dynamics with a ~150 km effective horizontal resolution, which
is much higher than the GAIA used by Miyoshi et al. (2018).
Vadas et al. (2023) showed that MSTIDs and LSTIDs created
by the vertical updrafts generated by the Tonga volcanic eruption
are induced by secondary GWs rather than by primary GWs and
tunneling (leakage) of Lamb waves. Heale et al. (2022a) simu-
lated primary and secondary GWs emitted from a thunderstorm
squall-line using the 2D numerical Model for Acoustic-Gravity
wave Interactions and Coupling (MAGIC), with 1-km horizontal
resolution (Zettergren & Snively, 2015). They revealed that the
primary GWs became more dominant than the secondary waves
in the ionospheric F-region when the tropospheric source forcing
strength became smaller. Their results demonstrated that the
source activity in the troposphere significantly influences the
spectra and propagation of thermospheric GWs, suggesting that
numerical model resolution, which affects the reproducibility of
weather systems, influences the simulation of TIDs.

To investigate the vertical coupling between a tropospheric
weather system, GWs in the thermosphere, and MSTIDs driven
by the GWs, we simulated the neutral atmosphere from
the surface to the thermosphere and ionosphere from 15 to
30 October 2020 using SD-WACCM-X (Specified Dynamics
Whole Atmosphere Community Climate Model with thermo-
sphere-ionosphere eXtension) (Liu et al., 2018; Huba & Liu,
2020; Chou et al.,, 2023), with a horizontal resolution of
~0.5°. It should be noted that SD-WACCM-X is a hydrostatic
model, unlike MAGIC, so our model cannot resolve acoustic
gravity waves. This version of SD-WACCM-X has two times
higher spatial resolution than the GAIA model used by Miyoshi
et al. (2018). Thus, SD-WACCM-X can better resolve medium-
scale weather systems and GW structures. Additionally, the
thermospheric state from SD-WACCM-X is used to drive
SAMI3 via one-way coupling (e.g., McDonald et al., 2015;
Huba & Liu, 2020; Chou et al., 2023), hereafter referred to as
SAMI3/SD-WACCM-X. This study focuses on a meteorologi-
cal weather event (a strong upward airflow within an early
season winter storm) whereby GWs were generated around a
front on 20 October 2020, and subsequent MSTIDs appeared
in the simulation of SAMI3 and propagated along with GWs
across the central-to-eastern northern USA during daytime. This
study aims to reveal the potential source and propagation pro-
cess of GWs from the lower atmosphere into the thermosphere
and ionosphere. This study shows how the convectively gener-
ated GWs trigger MSTIDs and discusses the GW generation
mechanism associated with upward airflow and convection
(i.e., vertical acceleration of air) within the early season winter
storm. In Section 2, the whole atmosphere and ionosphere
numerical models are described. Section 3 describes the weather
conditions on 20 October 2020 and shows the simulated GWs
and their propagation from their source to the thermosphere.
Also, Section 3 shows MSTIDs caused by the GWs. Conclu-
sions are provided in Section 4.

2 SD-WACCM-X and SAMI3/SD-WACCM-X

SD-WACCM-X (Sassi et al., 2013; Liu et al., 2018; Huba
& Liu, 2020; Chou et al., 2023) and SAMI3/SD-WACCM-X
(Huba & Krall, 2013; McDonald et al., 2015, 2018; Huba &
Liu, 2020; Chou et al., 2023) are utilized in this study. These
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(a)Temperature at 19.416 UT in SD-WACCM-X
on Oct. 20, 2020 @ 2 km
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(b) Vertical velocity in pressure coordinates
at 19.416 UT in SD-WACCM-X on Oct. 20, 2020 @ 5 km
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(c) Zonal wind at 19.416 UT in SD-WACCM-X
on Oct. 20, 2020 @ 5 km
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Figure 1. (a) Temperature over the USA at 2 km altitude at 19.416 UT on October 20, 2020 in SD-WACCM-X. (b) Vertical velocity in
pressure coordinates (Pa/s) at 5 km altitude at 19.416 UT on October 20, 2020 in SD-WACCM-X. (c) Zonal wind at 5 km altitude at 19.416 UT
on October 20, 2020 in SD-WACCM-X. The orange rectangle indicates the tropospheric jet. The blue and red ovals in panels (a) and (b)

indicate the locations of cold and warm fronts, respectively.

simulations were also utilized by Chou et al. (2023). Here, the
SD-WACCM-X meteorology is nudged to MERRA-2
(Modern-Era Retrospective analysis for Research and Applica-
tions version 2) up to ~50 km (see Smith et al., 2017). Above
50 km, SD-WACCM-X is free-running. The longitudinal and
latitudinal resolutions of the neutral atmosphere and the iono-
sphere are 0.47° x 0.625°. The vertical resolution is less than
0.16 density scale height at pressures below 100 hPa and a quar-
ter density scale height at pressures above 1 hPa (Pedatella
et al., 2019). The resolution between 100 and 1 hPa decreases
with altitude from 0.16 to 0.25 density scale heights. The
temporal cadence of the model output is 5 min. Details of the
ionosphere and thermosphere processes in WACCM-X
(version 2) are described in Liu et al. (2018). The nudging pro-
cess to the reanalysis in the troposphere and stratosphere is
described in Smith et al. (2017).

SAMI3 is a global three-dimensional physics-based iono-
sphere model to simulate the plasma and chemical evolution of
seven ion species (H", He*, N*, O*, N,*, NO*, and O,")
(Huba et al., 2017) between ~80 km and ~8 Rg. The neutral
temperature, wind, and composition in SAMI3 can be specified
from either empirical models or external numerical thermo-
sphere models. In this study, the neutral variables from
SD-WACCM-X are one-way coupled to drive the SAMI3
simulations (McDonald et al., 2015, 2018; Chou et al., 2023),
referred to as SAMI3/SD-WACCM-X. The SAMI3 model
was developed based on the SAMI2 model (Huba et al.,
2000) by Huba et al. (2008). SAMI3 uses the Quasi-Dipole
magnetic apex coordinate system. The geomagnetic latitude
resolution is ~0.2° around the magnetic equator and 0.7° at
40° geomagnetic latitude at ~300 km. The geomagnetic longi-
tude resolution is 4° except within the nested region of
~63.6-136.5°W (which includes the continental USA), where
it is 0.6°. The temporal cadence of the SAMI3/SD-WACCM-X
output is also 5 min.

This paper derives GW perturbations in the thermosphere in
SD-WACCM-X with a temporal high-pass filter as follows. The
neutral winds were averaged with a Gaussian weighting function
over a 6-h moving window. The averaged value was then sub-
tracted from the raw output data to eliminate its trend and low-
frequency components (e.g., tides and their amplitude
modulation), and then a Butterworth high-pass filter with a 2-h
cutoff frequency was applied to the residuals for identifying

the GWs with periods of 10 min to 2 h. This period range was
determined based on TID observation studies (Boska & Sauli,
2001; Heale et al., 2020). To identify TIDs, the electron density
in SAMI3/SD-WACCM-X was first interpolated to the grid of
SD-WACCM-X, and then the aforementioned process was
applied to the interpolated electron density. The residuals of elec-
tron density are defined as TIDs with 10 min to 2 h. The electron
density shown in this paper is from SAMI3/SD-WACCM-X.

3 Simulation results

3.1 Weather conditions over the USA on 20 October
2020

We show the weather conditions over the continental USA
on 20 October 2020 to investigate the potential source of the sim-
ulated GWs. Figure 1 shows (a) the temperature at ~2 km, (b) the
vertical velocity in pressure coordinates at 5 km, and (c) the
zonal wind at 5 km over the USA in the SD-WACCM-X simu-
lation at 19.416 UT. Near the surface, the temperature difference
between the southern and northern USA was ~30-40 K, and
large temperature gradients exist over the northern Plains
(40-50°N, 60-100°W) (Fig. la), indicating the presence of a
weather front. The cold air advanced and displaced the warm
air near ~40°N, 95°W (blue oval in Fig. 1a), forming a cold front.
Since cold air lifts warm air in a front area, leading to mesoscale
upward flow and convection, the negative vertical velocity in
pressure coordinates (upward airflow) was enhanced (~6 Pa-s™ D)
on the warm air side (blue oval in Fig. 1b). This upward flow
can generate GWs (Stull, 1976; Vadas & Fritts, 2009).
Conversely, the positive vertical velocities (downward airflow)
occur on the cold air side (~45-50°N, ~90-100°W), as
expected, due to the cold air descending under the warm air.
The warm air displaced the cold air near ~45°N, 75°W (red oval
in Fig. la), forming a warm front, and the negative vertical
velocity (upward airflow) was enhanced (>~6 Pa-sfl) on the
warm side (red oval in Fig. 1b). These features of the large-scale
weather system are consistent with the North American
Mesoscale Forecast System (NAM) analysis* (Colbert et al.,
2019). In addition, the National Weather Service reported an
early winter storm with heavy rain and snow existed close to
the cold front. This winter storm was captured by NEXRAD
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(a) GW Meridional wind 19.416 UT on 20" Oct. in WACCM-X @ 50 km
130°W  120°W  110°W 100°W  90°W 80°W 70°W 60°W
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(¢) GW Meridional wind 19.416 UT on 20 Oct. in WACCM-X @ 200 km
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(b) GW Meridional wind 19.416 UT on 20 Oct. in WACCM-X @ 100 km
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(d) GW Meridional wind 19.416 UT on 20" Oct. in WACCM-X @ 300 km
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Figure 2. Gravity wave meridional wind perturbations (m-s~ 1) at 50 km (), 100 km (b), 200 km (c), and 300 km (d) altitudes at 19.416 UT on
20 October in SD-WACCM-X. Black and red arrows denote the propagation directions of GWs emitted from cold and warm fronts,
respectively. GWs in the yellow rectangle in (c) will be discussed in detail later. See Movie 1 of the GW meridional winds at 16.33-22.33 UT

for supporting information.

(NEXt generation weather RADar) (see Fig. Slc in the support-
ing information). Although convective activity in cold fronts is
generally larger than in warm fronts, because of higher convec-
tive available potential energy, the upward flow in the
SD-WACCM-X simulation was larger in the warm front than
in the cold front. This larger upward flow is likely attributed
to the Appalachian Mountains because a tropospheric jet
(orange rectangle in Fig. 1c) flowed eastward over the Appala-
chian Mountains. Likewise, the upward airflow was also en-
hanced over ~50°N, 110-120°W, where the tropospheric jet
flowed eastward over the Rocky Mountains. The two areas
are known as hot spots of mountain waves (Hoffmann et al.,
2013), making it challenging to distinguish convectively gener-
ated GWs from mountain waves. Therefore, those areas are
excluded from the discussion.

3.2 GW generation mechanism and their propagation

This sub-section details the GWs emitted from the updraft
along the front in SD-WACCM-X and their propagation from
the lower atmosphere to the thermosphere. Figure 2 shows
GW meridional wind perturbations at 50 km (a), 100 km (b),
200 km (c), and 300 km (d) in the SD-WACCM-X simulation
on 20 October 2020, at 19.416 UT. GWs with ~500-700 km
horizontal wavelengths propagated omnidirectionally over
~25-55°N, ~60-110°W at all the altitudes shown in Figure 2.
These GWs propagated from the strong upward airflow within
the cold front region (~40°N, 95°W) and within the warm front
region (~45°N, 75°W) (see Movie 1 of the GW meridional

winds for 16.33-22.33 UT in supporting information), suggest-
ing that the GWs at 200 and 300 km propagated from the lower
atmosphere and their source could be the strong upward airflow
within fronts shown in Section 3.1. These characteristics can
also be seen in the zonal wind and temperature perturbations
(not shown).

There are two potential physical generation mechanisms for
the GWs. One of the generation mechanisms is spontaneous
adjustment, which is a very well-known physical generation
mechanism for front and jet GWs (Plougonven & Zhang,
2014). However, the spontaneous adjustment creates GWs with
wavevectors parallel to the jet stream, whereas the wavevectors
in SD-WACCM-X were omnidirectional. The second mecha-
nism is the strong vertical upward airflow associated with fronts.
Fronts can generate mesoscale upward airflow through baro-
clinic forcing, causing latent heat release (Stewart et al., 1995;
Holton & Hakim, 2013). The latent heat can generate strong
vertical upward airflow and convection. An upward (or down-
ward) acceleration of air is a well-known mechanism for gener-
ating GWs, as shown by the theoretical solutions derived by
Vadas & Fritts (2004) and Vadas (2013). These GWs have
concentric structures, and the theoretical solutions were subse-
quently used to build a model for GWs generated by deep con-
vective plumes (Vadas & Fritts, 2009; Vadas et al., 2009).
Although deep convection has smaller horizontal scales than
the strong vertical velocity associated with the cold front in
SD-WACCM-X, the strong vertical airflow could create con-
centric GWs similar to deep convection, although with larger
horizontal wavelengths. Also, a cumulus parameterization
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scheme representing small-scale upward airflow, i.e., convec-
tion, can create concentric GWs (Kim et al., 2009). Liu et al.
(2014) showed concentric GWs excited by parameterized deep
convection in a tropical cyclone in WACCM, which is similar
to the lower atmosphere part of the SD-WACCM-X simulation.
We conclude, therefore, that the source of the simulated GWs is
the strong upward airflow. This conclusion is consistent with
observations of tropospheric concentric GWs generated by deep
convection over the United States, as reported previously (e.g.,
Nishioka et al., 2013; Azeem et al., 2015). We also note,
however, that concentric rings of GWs can be generated in
the thermosphere from the body force, heating, and cooling cre-
ated by the dissipation of primary GWs from deep convection
(Vadas & Liu, 2009; Vadas, 2013).

Although apparent epicenters of the GWs at each altitude
exist around the fronts, the correspondence of the phases among
the altitudes is unclear in Figure 2. We investigate the vertical
structure of the GW phase and their vertical wavelengths to
reveal further the propagation process of the GWs from the
troposphere to the thermosphere. Figure 3a shows the GW
meridional wind perturbations as a function of latitude and
altitude along 95°W (i.e., over the cold front) from the surface
to 300 km at 19.416 UT (13.083 LT at 95°W). The phase lines
for the northward propagating GWs south of ~40°N are coher-
ent from the troposphere to the thermosphere, supporting our
hypothesis that the thermosphere GWs shown in Figures 2c
and 2d originated in the troposphere. Conversely, the phase
structures north of ~40°N are complicated because of interfer-
ence between northward and southward propagating GWs, so
we decompose the GW perturbations into northward and south-
ward Fourier components in Figures 3b and 3c. While the
coherent phase lines for the southward propagating GWs in
Figure 3b can be seen south of ~40°N as in Figure 3a, the phase
lines for the northward GWs in Figure 3c are also coherent from
the troposphere to the thermosphere. This result suggests that
those GWs were emitted from 40 to 43°N, where the cold front
and strong upward velocity appeared (see Fig. 3d) and propa-
gated both southward and northward, displaying a cone shape.
The coherent phase lines in Figure 3b can also be seen north of
the cold front, propagating southward from a latitude higher
than ~50°N and interfering with the convectively generated
GWs propagating northward. Their sources are not likely the
cold front over the continental USA but could exist in the
troposphere in the North Polar Region (>60°N). The GWs orig-
inating at high latitudes have 2-3 times smaller amplitudes than
the convectively generated GWs, so this paper focuses on the
convectively generated GWs.

Interestingly, the vertical wavelengths of the GWs were
almost infinite below ~100 km altitude (i.e., the phases were
nearly constant vertically), although the vertical wavelengths
for the northward and southward propagating GWs above
~100 km altitude were ~110 km and ~150 km, respectively.
These results suggest that the GWs were in an evanescent mode
below ~100 km, tunneled from the surface to ~100 km, and
changed to an internally propagating mode above ~100 km
(Gavrilov & Kshevetskii, 2018; Heale et al., 2022a; Nappo,
2013; Walterscheid & Hecht, 2003). To investigate the GW
propagation further, the local GW intrinsic horizontal phase
speed and vertical wavelength, m, are calculated using the
following local dispersion relation equation from equation (1b)
in Marks & Eckermann (1995):

(a) GW Meridional wind 19.416 UT on 20% Oct. in SD-WACCM-X

300

250

200

150

Alt.

100

50

-6.0 -4.5 -3.0 -1.5 0.0 15 3.0 4.5 6.0

-20 -15 -10 -05 00 05 1.0 15 2.0
m/s

(d) Vertical velocity on pressure coordinated 19.416 UT on 20 Oct.
in SD-WACCM-X @ 500 hPa (5 km)

0.31

0.2 1

0.14

0.01

Vertical velocity [Pa/s]

Figure 3. (a) Latitude-vertical cross-section of the GW meridional
wind perturbation along 95°W from the surface to 300 km at the
same time as in Figures 1 and 2. (b, ¢) Same as (a) but for the
southward and northward propagating GW perturbations, respec-
tively. (d) Vertical velocity at 500 hPa (~5 km) in pressure
coordinates (Pa/s) along 95°W at the same time as (a—c). See Movie
2 of the GW meridional winds along 95°W at 16.33-22.33 UT for
supporting information.
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(a) Intrinsic horizontal phase speed averaged
over 35-45°N, 90-100 °W and 18.3-20.3 UT
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Figure 4. (a) Vertical profiles of GW intrinsic horizontal phase speeds. The blue and orange lines indicate the northeastward and
southwestward GWs, respectively. The thick green line indicates the upper limit of intrinsic horizontal phase speed. (b) Same as (a) but local
vertical wavelengths from equation (1). (c) Brunt—Viisild frequency. (d) Density scale height. (e) Horizontal winds. These values are averaged

over 35-45°N, 90-100°W, and 18.3-20.3 UT on 20 October 2020.

27(k2+12)(N2_@2)_L (1)
T (@) AH?

Here &, [, and & are zonal and meridional wavenumbers, and the
intrinsic frequency, respectively. N, H, and f are the Brunt—
Viisdla frequency, density scale height, and the Coriolis
parameter, respectively. This equation assumes that the back-
ground is in hydrostatic balance.

The horizontal wavenumber and ground-based frequency
for the GWs in the yellow rectangle in Figure 2c were derived
from time-longitude and time-latitude cross-sections of the GW
meridional wind from the wave phase fronts (not shown). We

obtained the zonal wavenumber, £ = 728’;0 rad~km71, meridional

—1
wavenumber, [ = 72720 rad-km™ ", and ground-based frequency,

w= i—gradmin*l. The direction of the wavenumber vector is

chosen as southwestward because the southward GWs are
dominant over the continental USA (Fig. 3), but we also esti-
mate the vertical wavelength for the northeastward wavenumber
vector case. We assume that the wavenumber vector and
ground-based frequency are invariant through the propagation;
that is, the ground-based phase speed (~230 m-s') is also
invariant. Figure 4 shows the intrinsic horizontal phase speeds
(a), local vertical wavelength from equation (1) (b), Brunt—
Viisdld frequency (c), density scale height (d), and horizontal
winds (e). These values are averaged over 35-45°N,
90-100°W, and 18.3-20.3 UT. We also calculated an upper
limit of internally propagating GW intrinsic horizontal phase
speed (C,., ) based on the GW linear theory (a green thick line
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in Fig. 4a). When the intrinsic horizontal phase speed is
sufficiently smaller than Cj,,,,., a GW is internally propagating
and has a real vertical wavenumber; that is, the GW can prop-
agate vertically. Conversely, when the intrinsic horizontal phase
speed is close to or larger than C,,,., a GW is evanescent and
has an imaginary vertical wavenumber; that is, the GW cannot
propagate vertically. The upper limit of the intrinsic phase speed
can be approximately described as follows (Vadas & Crowley,
2010; Heale et al., 2022a):

Chmax ~ 2NH7 (2)

where N and H are the Brunt—Viisild frequency and density
scale height, respectively. This upper limit is derived from
equation (1) and corresponds to an infinite vertical wavenum-
ber under the assumption that a horizontal wavelength and the
intrinsic frequency are sufficiently larger than 2nH and f,
respectively. The horizontal wavelengths in this event are
~500-700 km, much larger than the density scale height
below the lower thermosphere, satisfying the assumption that
the horizontal wavelength is much larger than 2nH. Although
the intrinsic horizontal phase speed of the southward GWs is
less than the upper phase speed limit by ~50 m-s~ in the low-
er stratosphere, it is larger than the limit at z ~ 40-60 km,
denoting that the southward stratospheric GWs are evanes-
cent. The intrinsic phase speed of the northward GWs is larger
than the limit in the troposphere. In the thermosphere, the
upper phase speed limit drastically increases with altitude,
while the GW intrinsic horizontal phase speeds of both south-
ward and northward GWs in Figure 4a are almost the same as
those in the altitude range of ~20-100 km, showing that the
GWs are freely propagating in the thermosphere. This sharp
increase in the upper phase speed limit at z > 100 km is mainly
attributed to the increase in the density scale height (Fig. 4d)
and the sound speed above ~100 km because the temperature
increases dramatically in altitude in the thermosphere. There-
fore, this increase in the density scale height could alter the
GWs from being evanescent in the middle atmosphere to
freely propagating in the thermosphere.

In terms of the vertical wavelengths (Fig. 4b), the local ver-
tical wavelengths averaged in the thermosphere are ~110 km for
northward GWs and ~150 km for southward GWs, which is
consistent with those in SD-WACCM-X (Fig. 3a). The larger
vertical wavelength of the southward GWs is attributed to the
strong northward wind (~70 m-s™') in Figure 4e. The Doppler
Effect due to the northward wind increases (decreases) the
vertical wavelength of the southward (northward) GWs. Below
~100 km altitude, the local vertical wavelengths were equal to
or larger than the thickness of the middle atmosphere
(~80 km). In particular, the southward GWs had an infinite
(imaginary) vertical wavelength in an altitude range of
50-100 km; in other words, the altitude range of 50-100 km
was an evanescent region where the squared GW vertical
wavenumber is equal to or smaller than O for the southward
GWs; thus, the GWs there are evanescent. These large vertical
wavelengths are consistent with the vertically constant phases in
Figure 3 and the horizontal phase speed in Figure 4a, suggesting
that the GWs are evanescent through a large part of the altitude
region below ~100 km.

Although evanescent GWs cannot propagate vertically in an
evanescent region based on the linear theory, they can transmit
their energy through the evanescent region, although the wave

amplitude decays with altitude. A meridional wind amplitude
of an evanescent GW, v/ ampiy® in the Earth’s atmosphere can
be written based on equatlon (2 68) in Nappo (2013):

exp {(z — ) <% - kz> } 3)

where z, H, k,,and v/, are altitude, density scale height, the
magnitude of the i 1mag1nary part of the vertical wavenumber,
and amplitude of a GW at zo, which is the lower boundary of
the evanescent layer. This equation assumes the WKB
approximation, whereby the background variables slowly
vary (Nappo, 2013), and neglects GW dissipation. Equation
(3) takes into account the growth of GW amplitude with
altitude due to a decrease in the atmospheric density, although
Nappo (2013) does not consider it. When the magnitude of an
imaginary vertical wavenumber (k,) is sufﬁciently less than
the inverse of the twice density scale height ( ) evanescent
GWs can tunnel through their evanescent region and transmit
their energy to higher altitudes (Nappo, 2013; Gavrilov and
Kshevetskii, 2018; Inchin et al., 2020; Heale et al., 2022b).
The magnitudes of the imaginary vertical wavenumbers
calculated from equation (1) between 50 and 100 km

2n 2n 1
~190 ~340

than the inverse of two times the density scale height

(L5 to - km™") ; thus, the southward GWs can tunnel

through the middle atmosphere (their evanescent region) into
the thermosphere (free propagation altitude). Therefore, the
evanescent GWs excited by the convection within the
cold front tunnel through the troposphere and the middle
atmosphere (~0-100 km), become internally propagating at
~100 km because of the increase in the density scale height,
and then propagate to higher altitudes.

’ o
Campy = Vamp,

range from to km™ ", which is ~2—4 times smaller

3.3 Characteristics of simulated MSTIDs

This sub-section shows MSTIDs caused by the convectively
generated GWs in SAMI3/SD-WACCM-X. Figure 5 shows
electron density perturbations at 200 km and 300 km altitudes
in SAMI3/SD-WACCM-X (Figs. 5a and 5b). Horizontal
wavenumbers and propagation directions of the relative (%)
electron density perturbations in SAMI3/SD-WACCM-X are
similar to those of the GW meridional wind perturbations in
Figure 2; that is, both horizontal wavelengths and propagation
directions are ~500-700 km and southwestward, respectively.
We also found both periods were ~40 min; that is, the TIDs
are classified as MSTIDs. The MSTIDs in the simulation have
a concentric structure similar to the GWs, although the MSTIDs
preferred to propagate southward together with the GWs (see
Movie 1 in supporting information). The similar horizontal
structures and temporal variability suggest that the MSTIDs
were caused by the GWs.

It should be noted that temporal and spatial variations of the
simulated MSTIDs were quite different from those of MSTIDs
observed by the ground-based Global Navigation Satellite
System (GNSS) receivers, although the GNSS observations
captured MSTIDs with concentric structures propagating south-
ward from the early season winter storm (see Fig. S1 and
Movie 4 in supporting information). Addressing those discrep-
ancies is beyond the focus of this paper.
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(a) Relative electron density perturbation on 20 Oct.
19.416 UT in SAMI3/SD-WACCM-X @ 200 km
©O130°W  120°W  110°W  100°W  90°W  80°W  70°W  60°W

(b) Relative electron density perturbation on 20 Oct.
19.416 UT in SAMI3/SD-WACCM-X @ 300 km
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Figure 5. Relative electron density perturbations (%) in SAMI3/SD-WACCM-X at 200 km (a) and 300 km (b).

SAMI3/SD-WACCM-X: GW Meridional wind vs.
TIDs along 95°N at 19.416 UT on 20 October 2020
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Geographical latitude [deg.]
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%

Figure 6. The color plots denote electron density perturbations in
SAMI3/SD-WACCM-X (a) along 95°W at 19.416 UT (13.086 LT)
on 20th October 2020. The red contours denote the meridional wind
perturbations (m-s~}) in SD-WACCM-X.

Figure 6 shows the latitude-vertical cross-section of the
electron density perturbations (color plot) with the GW
meridional wind perturbation (red contour line) along 95° W
at 19.416 UT (13.083 LT) in SAMI3/SD-WACCM-X. It should
be noted that the 95° W geographic longitude is almost parallel
to the geomagnetic field line. Movie 3 for supporting informa-
tion shows an animation of Figure 6 from 16.33 to 22.33 UT
(1016 LT). The phases of the perturbations are tilted equator-
ward with altitude, especially equatorward of ~45°N, suggesting
southward and upward propagation. The electron density (~6%)

and meridional wind (~4 m-s ') perturbations display a coherent
wave pattern, suggesting these MSTIDs were caused by GWs
emitted from convection within the front. The southward prefer-
ence is attributed to the angle between the GW neutral density
perturbations and the magnetic field line (Otsuka et al., 2013).
The southward propagating GWs push plasma south-upward
to north-downward, while the northward propagating GW's push
plasma north-upward to south-downward. The magnetic field
line is tilted south-upward to north-downward in the northern
hemisphere so that the southward propagating GWs generate
MSTIDs more efficiently than the northward propagating ones.
Another consequence of the southward preference is that
dissipation and filtering by the ambient background winds

preferentially dampen the northward propagating waves, thus
contributing to preferential southward MSTID propagation
(Crowley et al., 1987; Vadas, 2007). The vertical wavelengths
of the GWs with northward propagation are ~110 km, which
is smaller than the vertical wavelength of the GWs with
southward propagation (~150 km) because of the northward
background wind (see Fig. 4e). Thus, it is likely that the
dissipation and wind filtering significantly contribute to the
southward preference of the MSTIDs, as well.

4 Conclusions

Using SD-WACCM-X and SAMI3/SD-WACCM-X, we
simulated GWs and MSTIDs with periods less than 2 h. On
20 October 2020, GWs and MSTIDs propagated together
southwestward over the northern-to-eastern central USA We
conclude that the GWs generated the MSTIDs. The GW's prop-
agated southwestward with a ~500-700 km horizontal wave-
length and ~40 min ground-based period. We identified the
following potential sequence of events to explain the simulated
GWs and MSTIDs: (1) a cold weather front enhanced upward
airflow in the north-central and eastern USA (90-100°N,
38-42°N), and generated evanescent GWs; (2) those evanescent
GWs traveled horizontally in all directions but were evanescent
in the troposphere and middle atmosphere up to ~100 km alti-
tude. They tunneled through the middle atmosphere because
of the large magnitudes of their imaginary vertical wavelengths;
(3) those evanescent GWs became internally propagating in the
lower thermosphere because of the increase in the sound speed
(which is mainly due to the increase of the density scale height),
and the GWs propagating southward created the MSTIDs. This
favorable southward propagation of the GWs and MSTIDs can
be explained by the angle between the propagation direction of
the GWs and geomagnetic field lines (Jacobson et al., 1995;
Herndndez-Pajares et al., 2006; Otsuka et al., 2013) and wind
filtering and dissipation due to the Doppler shift (Vadas, 2007).

Previous studies have focused on MSTIDs generated by
GWs emitted from tropical cyclones and deep convection
during summer, extreme volcanic eruptions, and earthquakes.
However, weather fronts are a more common phenomenon in
the middle latitudes, and we speculate that convection within
fronts is a critically important GW source of concentric
MSTIDs. Even though the SD-WACCM-X model resolution
is two times higher than in the previous global model study
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(Miyoshi et al., 2018), its effective resolution is still too coarse
to resolve convection within a weather front. Indeed, it is clear
from Figure 2 that the effective horizontal wavelength is
~500 km. To resolve convection, models need kilometer-scale
horizontal resolution (Hirt et al., 2019) and high vertical resolu-
tion as well (Colbert et al., 2019). In addition, model dynamics
need to be non-hydrostatic, and non-hydrostatic model dynam-
ics furthermore need to include suitable parameterizations of
unresolved processes by turbulent eddies in the boundary layer
(e.g., parameterization of convective initiation) (Hirt et al.,
2019; Ishida et al., 2022). Because convectively generated
GW spectra depend on a cumulus parameterization scheme
and finer resolution models reproduce GW spectra more accu-
rately (Lane & Knievel, 2005; Kim et al., 2009), convectively
generated GWs are more robust in the real atmosphere than
in SD-WACCM-X.
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Figure SI: (a) Total electron density content (TEC) perturbations in
GNSS at 21.258 UT on 20 October 2020. The perturbations were
derived in accordance with Chou et al. (2023), but a Butterworth filter
with 10-60-min cutoff period was applied in this paper. The perturba-
tions were averaged over 0.47° x 0.625° bins to align with the grid of
the SD-WACCM-X output. (b) The same as (a), but in SAMI3/SD-
WACCM-X. The black dashed lines in (a) and (b) denote the crests
of concentric waves. (c) Radar reflectivity in NEXRAD. The red box
indicates convection in the cold front area; i.e., the high convective
activity area.

Movie 1: Gravity wave meridional wind perturbations
(m-s™) at 50 km (a), 100 km (b), 200 km (c), and 300 km
(d) altitudes at 16.33 and 22.33 UT on 20 October in SD-
WACCM-X.

Movie 2: (a) Latitude-vertical cross-section of the GW
meridional wind perturbation along 95 W from the surface to
300 km at 16.33-22.33 UT. (b, ¢) Same as (a) but for the south-
ward and northward propagating GW perturbations, respectively.

Movie 3: The color plots denote electron density perturba-
tions in SAMI3/SD-WACCM-X (a) along 95 W at 16.33—
22.33 UT on 20th October 2020. The red contours denote the
meridional wind perturbations (m~sfl) in SD-WACCM-X.

Movie 4: Total electron density content (TEC) perturbations
in GNSS at 16.33-22.33 on 20 October 2020. The perturbations
were derived in accordance with Chou et al. (2023), but a
Butterworth filter with 10-60-minute cutoff period was applied

in this paper. The perturbations were averaged over bins to align
with the grid of the SD-WACCM-X output. (b) The same as (a),
but in SAMI3/SD-WACCM-X.
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