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Abstract: We are interested in understanding how and when infrasonic waves propagate in the
thermosphere, specifying the physical properties of those waves, and understanding how they
affect radio wave propagation. We use a combination of traditional ionosonde observations and
fixed frequency Doppler soundings to make high quality observations of vertically propagating
infrasonic waves in the lower thermosphere/bottom side ionosphere. The presented results are the
first simultaneous observations of infrasonic wave-induced deformations in ionograms and high-
time-resolution observations of corresponding plasma displacements. Deformations in ionospheric
echoes, which manifest as additional cusps and range variations, are shown to be caused by infrasonic
wave-induced plasma displacements.

Keywords: infrasonic wave; acoustic wave; VIPIR ionosonde; multiple cusp signature; Doppler
sounder; Dynasonde

1. Introduction

The presented results are important in several aspects of environmental science: They
help advance our understanding of how infrasonic waves propagate in the thermosphere,
which is important toward understanding energy transport from the lower atmosphere to
space and toward understanding the physics of wave propagation in the upper atmosphere.
They are important toward understanding how infrasonic waves affect radio wave propa-
gation, and the corresponding effects on remote sensing. Moreover, they can be important
toward the early identification of, and understanding of, how the atmosphere responds to
natural hazards including volcanic eruptions, earthquakes, and tsunamis.

The purpose of this work is to better understand how ionosonde observations are
affected by the atmospheric disturbances caused by high-altitude acoustic waves (HAAW),
which are infrasonic waves that propagate from near the Earth’s surface into the ther-
mosphere. That understanding should help advance our ability to make observations
of HAAW during severe weather, to quickly identify HAAW after an extreme event, to
specify the physical properties and propagation dynamics of HAAW, to understand how
ionospheric plasmas respond to HAAW, and to understand how weather and climate
models can be improved by including infrasonic waves.

The long history and global extent of ionosonde observations has resulted in observa-
tions being made when natural hazards have occurred. A series of articles were published
that investigated deformations that appear in ionograms after earthquakes of Richter scale
magnitude 8.0 and larger [1-5]. These articles identified a specific class of ionogram defor-
mations called multiple cusp signatures (MCS) which are caused by seismogenic HAAW
that are launched from the solid earth deformations produced by earthquakes. MCS were
identified as being radio wave propagation effects that occur when ionospheric plasmas
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are displaced, and there were questions about the conditions needed for these ionogram
deformations to exist.

The effects of seismogenic HAAW have also appeared in other observations including
Global Navigation Satellite System (GNSS) and magnetometer data [6]. These effects
include the generation of geomagnetic continuous pulsations (Pc) [7,8] and observed
changes in total electron content (TEC) originating near the earthquake epicenter [8-11].
In addition to MCS, ionogram deformations induced by HAAW have been observed as
migrating cusps [12,13].

It has been shown that a HAAW that propagates in the bottom side ionosphere, can
be detected when the source is known [14]. Observations of rocket-induced HAAW were
made with the Vertical Incidence Pulsed Ionospheric Radar (VIPIR) [15], and the form of
the resulting ionospheric plasma displacements was specified by Mabie (2019) [7]. These
plasma displacements modify radio wave propagation in ways that are predicted by the
Appleton—-Hartree equation, and the observations are used to help explain how electron
density profiles (EDP) are modified. Both ordinary mode (O-mode) and extraordinary
mode (X-mode) ionospheric echoes are observed and investigated. The results are used to
develop an explanation of how a HAAW can cause deformations in an ionogram.

A series of articles was also published that investigated rocket-induced HAAW us-
ing an experimental mode of the VIPIR called ‘shuffle mode’, which is an experimental
mode invented by the authors that interleaves sweep frequency transmit pulses with
high time resolution transmit pulses at one or more fixed frequencies. The focus of these
articles was on the detection of the HAAW in the thermosphere [14], the geomagnetic
pulsations associated with the HAAW [7], and the radio propagation effects that result
from the HAAW [16].

The rocket-induced HAAW have not previously been expected to modify the ionospheric
plasma sufficiently to cause multiple stratifications of plasma layers which would produce
deformations in traditional sweep frequency ionograms. This article presents the first observa-
tions of rocket-induced MCS in ionograms and the first simultaneous observations of MCS
and high temporal resolution observations of HAAW-induced plasma displacements.

The presented analysis investigates HAAW-induced disturbances in three data prod-
ucts. These data products include plots of line-of-sight Doppler velocity variations which
are associated with vertical plasma displacements, sweep frequency ionograms that plot
the range and signal to noise ratio of ionospheric echoes from 1.5 MHz to 20 MHz, and fixed
frequency ionograms that plot the range and signal to noise ratio of ionospheric echoes at a
fixed frequency of 4165 kHz.

2. Materials and Methods

The authors took advantage of a scheduled rocket launch to conduct an experiment of
opportunity. The rocket range at the NASA Wallops Flight Facility (WFF) is approximately
13 km from a world-class ionosonde field site where a VIPIR operates. The VIPIR was
programmed to run in ‘shuffle mode’, which allowed it to operate simultaneously as a
traditional sweep frequency ionosonde and as a fixed frequency Doppler sounder.

The sweep frequency ionosonde observations are used to created traditional iono-
grams and are processed by the Dynasonde software [17], which generates EDP. The fixed
frequency observations are used to create fixed frequency ionograms, and are used to
compute Doppler velocity values for line-of-sight electron motions that we identify as
plasma displacements.

Because of hardware limitations, each observation period is one minute, with data
being collected for 54 s and a 6 s instrument down time that the VIPIR needs to prepare
for the next observation. All data used for this research can be obtained by contacting the
NOAA National Centers for Environmental Information (ionosonde@noaa.gov).
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3. Results
3.1. An Experiment of Opportunity

The Northrup Grumman Corporation Commercial Resupply Service NG-11 (NG-11)
Antares rocket launched from WEFF on 17 April 2019 at 20:46:07 UTC. Space weather
persistence in the days leading up to the launch suggested weather in the ionosphere was
likely to be similar to that during the previous Orbital Corporation Commercial Resupply
Service ORB-1 (ORB-1) Antares rocket flight [14]. This included a pattern of two clearly
defined F layers with the F1 cusp near 4.2 MHz, leading us to choose a shuffle mode
frequency of 4165 kHz. At the time of launch, there were two distinct ionospheric F layers
consistent with the persistence forecast, but the peak F1 layer frequency (foF1) was below
the 4165 kHz fixed frequency and the resulting O-mode observations were made at a
frequency (altitude) above the F1 cusp.

The experimental objectives were to obtain high temporal resolution plasma dis-
placements at the fixed frequency and generate sweep and fixed frequency ionograms.
The sweep frequency data were collected using a Dynasonde compatible sounding mode
which is degraded so the echo properties are not overdetermined as described by Wright
(1990) [18], but high-quality sweep frequency observations are still obtained. Consequently,
the EDP produced by the Dynasonde software are less accurate than those produced by
the full Dynasonde sounding mode, but they are considered high-quality in comparison to
other methods of determining the EDP. We used the EDP from 20:50 UTC, moments before
the HAAW reached the ionosphere, to avoid errors caused by the HAAW itself.

3.2. Understanding the Observations

The sweep frequency ionograms produced during the rocket flight show MCS associ-
ated with the passing of the HAAW, the VIPIR fixed frequency Doppler velocities show
high temporal resolution observations of the HAAW-induced apparent plasma displace-
ments, and the fixed frequency ionograms show HAAW-induced virtual range variations
of ionospheric echoes. The altitudes and arrival times of the HAAW-induced plasma
displacements and ionogram deformations are shown in Table 1.

Table 1. Arrival times (seconds from launch) and altitudes (Km) of the first HAAW-induced plasma
displacements (arrival), the initial upward HAAW-induced plasma displacement peak (initial up-
ward), the downward HAAW-induced plasma displacement peak (downward), and the second
upward HAAW-induced plasma displacement peak and associated MCS (second upward).

Observation Arrival Initial Upward Downward Second Upward
O-mode fixed time 553 s 555 575s 591s
O-mode fixed alt 202 km 202 km 202 km 202 km
O-mode sweep time 555s
O-mode sweep alt 184 km
X-mode fixed time 473 s 479 s 489 s 505s
X-mode fixed alt 162 km 162 km 162 km 162 km
X-mode sweep time 494 s
X-mode sweep alt 155 km

The fixed frequency observations made during the NG-11 flight are an indicator
of how, where, and when the EDP is modified. Changes in the EDP that result from
the observed Doppler velocity variations and resulting changes in the refractive index
(Equation (1)) provide an explanation for how the range delay should be modified [19].
The observed variations in the range delay are compared to the ionograms to validate that
the HAAW-induced plasma displacements are responsible for the observed MCS.

In the absence of a magnetic field, the refractive index is [19]:

() m
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where wy is the local plasma frequency and w is the frequency of the transmitted radio
wave. Effects of the magnetic field are important, but Equation (1) is considered a valid
simplification for the presented analysis.

Neglecting molecular mass, the adiabatic speed of sound is:

Cs = ,/YRT(Z) (2)

where vy is the ratio of specific heats at constant pressure and constant volume, R is the
ideal gas constant, and T, is the Kelvin temperature as a function of altitude. Temperature
values are obtained from the NRLMSISE-00 model [20]. We neglect the breakdown of the
adiabatic approximation in the rarefied atmosphere at high altitudes, noting that HAAW
propagation velocities have been observed to deviate from the adiabatic approximation in
the thermosphere [21]. Positive HAAW detection and Equation (2) are used to determine
HAAW location as a function of time.

3.3. Positive Identification of the Rocket-Induced HAAW

During the NG-11 flight, the HAAW-induced plasma displacements are observed
close to the time predicted by the adiabatic invariant sound speed Equation (2). The HAAW
is predicted to have arrived at the 202 km O-mode observation altitude where the 4165 kHz
plasma is located, 584 s after launch. The O-mode observations show the HAAW reached
the 202 km observation altitude 553 s after launch. The time difference is within the
uncertainty from the model temperature profiles and EDP.

In this article, the HAAW is first identified using fixed frequency Doppler velocity
plots. This is done independently for both the O-mode echoes that reflect near 202 km and
X-mode echoes that reflect near 162 km. These Doppler velocity plots allow the HAAW to
be clearly identified at both altitudes.

Applying Equation (2) to the arrival times at 162 km and 202 km, the HAAW location
is known as a function of time. The HAAW location was correlated with the sounding
times of the sweep frequency VIPIR observations and we determined where in sweep
frequency ionograms any HAAW signature might be present. We positively identified
HAAW-induced MCS in the sweep frequency ionograms at the expected frequencies (times
and altitudes). These MCS were then analyzed for time and range variations, and compared
to the plasma displacements shown in the fixed frequency Doppler velocity plots. The
fixed frequency ionograms were then analyzed for HAAW-induced variations in the range
delay and a direct comparison was made to plasma displacements in the fixed frequency
Doppler velocity plots and the sweep frequency ionograms.

3.4. Range Variations Induced by Plasma Displacements

HAAW-induced plasma displacements are apparent in the fixed frequency O-mode
Doppler velocity plot shown in Figure 1. Consistent with previously reported HAAW-
induced plasma displacements [7], there is an initial upward plasma displacement, then a
larger amplitude downward plasma displacement, followed by a second upward plasma
displacement. The arrival time of the second upward plasma displacement peak is inter-
polated because it occurred when the VIPIR was not transmitting, but all three plasma
displacement peaks are otherwise clearly identified.

Our analysis assumes that the changes in Doppler velocity shown in Figure 1 represent
apparent displacements of an otherwise stratified homogeneous ionosphere. It is also
assumed that these apparent displacements are in the vertical direction only [2,14]. The
ionospheric EDP is assumed to be that which was derived by the Dynasonde software [17],
displaced vertically by the HAAW. This results in a modified EDP and refractive index.
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Figure 1. Doppler velocity plot of 4165 kHz fixed frequency O-mode observations beginning at
20:55 UTC. Upward and downward plasma displacement peaks are identified. The gap in the data
during the second upward plasma displacement peak is a result of the VIPIR not transmitting at
that time.

The virtual height of the radio wave reflection is:

h
L Ah
h=Y) — ©)

where h; is the real height where the radio wave reflects, Ah is the discreet height step at
each point in the modified EDP, and , is the mean refractive index for each height step.

When plasma displacements cause an increase in the slope of the EDP near the radio
wave reflection altitude, the radio wave propagation time is decreased and the range delay
is reduced. When plasma displacements cause a decrease in the slope of the EDP near the
radio wave reflection altitude, the radio wave propagation time is increased and the range
delay increases.

To first order, downward plasma displacements increase the slope of the EDP, decreas-
ing the radio wave propagation time and reducing the range delay, while upward plasma
displacements decrease the slope of the EDP, increasing the radio wave propagation time
and the range delay. Even considering a simple stratified ionosphere, solutions for the
radio wave propagation path and range delay become non-trivial when both upward and
downward plasma displacements are present. In a real ionosphere, other considerations,
including how the plasma structure varies within the radar beam, can further complicate
the analysis.

3.5. Ordinary and Extraordinary Mode Relationship

HAAW-induced plasma displacements are observed in the X-mode Doppler velocity
plot shown in Figure 2. According to the Dynasonde EDP, the plasma that reflects 4165 kHz
O-mode radio waves is near 202 km altitude and the height of the peak plasma density
(h'F2) is near 239 km. Based on previous observations [14], rocket-induced HAAW have
been found to propagate near the adiabatic speed of sound (Equation (2)) below the F2 layer.
Neglecting effects of the increasingly rarefied atmosphere with altitude, the propagation
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time should be explained by Equation (2) if these plasma displacements are caused by the
same HAAW.

NG-11 extraordinary mode HAAW-induced plasma displacements
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Figure 2. Doppler velocity plot of fixed frequency X-mode observations beginning at 20:54 UTC.
Upward and downward plasma displacement peaks are identified.

The altitude the X-mode and O-mode echoes reflect is determined by their radio wave
frequencies and the EDP. The plasma frequencies that reflect the X-mode and O-mode radio

waves are related by [19]:
wxzwowll—& 4)
Wo

where wy is the X-mode plasma frequency, w, is the O-mode plasma frequency, and () is
the electron cyclotron frequency [19]:

0= ©
me

Differences in the geomagnetic field between the O-mode and X-mode reflection
altitudes are small and the magnetic field value is taken to be the value at 200 km of
B =49.8 uT. Electron charge (e) is in coulombs and electron mass (me¢) is in kg.

For a 4165 kHz O-mode plasma frequency (w,), the corresponding X-mode plasma
frequency (wy) is 3394 kHz. According to the EDP, the 3394 kHz plasma is estimated
to be near 162 km altitude. The adiabatic sound speed (Equation (2)) computed using
temperature values from the NRLMSISE-00 model [20] predicts that it took 80 s for the
HAAW to propagate from the 162 km X-mode observation altitude to the 202 km O-mode
observation altitude. The O-mode plasma displacements begin at approximately T+553 s
and the X-mode plasma displacements begin at approximately T+473 s; it is concluded
that the O-mode and X-mode plasma displacements are caused by the same HAAW which
propagates vertically near the adiabatic speed of sound. We note that although the HAAW-
induced plasma displacements begin 80 s apart, the observation times of the initial upward
and downward plasma displacement peaks are separated by 76 s and 86 s, respectively;
this suggests that the spatial extent of the HAAW increased as it propagated upward.

3.6. Identification of Multiple Cusp Signatures in lonograms

We next determined at what frequency an MCS is most likely to appear in a sweep
frequency ionogram, which depends on the HAAW location as a function of time. Using
Equation (2), the Dynasonde EDP, and the sounding time of each VIPIR transmit frequency,
we determined when the HAAW-induced plasma displacements are co-located with the
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altitude where the VIPIR sweep frequency radio waves reflect. For the larger amplitude
HAAW-induced upward plasma displacement, this co-location occurs at 184 km (4 MHz),
35 s before the HAAW arrives at the 202 kmm O-mode observation altitude, or 22 s into
the 20:55 UTC observation (T+555 s). Figure 3 is the sweep frequency ionogram taken at
20:55 UTC. An additional cusp is clearly visible in the O-mode trace near 4 MHz.

Wallops 2019 107 20:55:02 UTC 17Apr19 SNR [dB]
50

40

.....

20

10

3.0 42 50 7.0 10.0 15.0 20.0
Frequency [MHz]

Figure 3. Sweep frequency ionogram when the NG-11 HAAW arrives at the fixed frequency observa-
tion altitude. An MCS is observed in the O-mode trace near 4 MHz.

The same analysis is performed on the X-mode echoes. Eighty seconds prior to the
HAAW being observed in the O-mode trace, it should be co-located with the X-mode trace
according to Equations (2), (4), and (5). This is the approximate time difference between the
corresponding Doppler velocity peaks shown in Figures 1 and 2.

The X-mode trace in the sweep frequency ionogram from 20:54 UTC (Figure 4) is
interesting because a pair of MCS exist near 3.9 MHz (where the X-mode radio waves
reflect off of the 3.13 MHz plasma at 155 km altitude) and near 4.1 MHz (where the X-mode
radio waves reflect off of the 3.33 MHz plasma at 160 km altitude). The VIPIR sounded at
3.9 MHz approximately 21 s (T+494 s) into the observation and at 4.1 MHz approximately
22 s (T+495 s) into the observation.

Using Equation (2), the spatial distance between the two upward plasma displace-
ments in Figure 2 is about 13 km at 162 km altitude. If the two MCS in Figure 4 were caused
by the two upward HAAW-induced plasma displacements, the spatial separation should
be close to 13 km; the spatial distance between the two MCS in Figure 4 is about 5 km near
160 km altitude, and we conclude that the second MCS in Figure 4 is not caused by the
initial upward HAAW-induced plasma displacement.

Table 1 shows that the MCS at the lower frequency in Figure 4 is identified near 155 km
altitude (near 3.9 MHz), consistent with the location of the second upward HA AW-induced
plasma displacement.
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Figure 4. Sweep frequency ionogram one minute before the NG-11 HAAW arrives at the fixed
frequency observation altitude. A pair of HAAW-induced MCS are present near the 4.2 MHz hash in
the X-mode trace.

For the second MCS in Figure 4, the radio wave reflection altitude is near 160 km.
When this observation is made, the initial HAAW-induced upward plasma displacement is
near 170 km altitude and should not affect the radio wave propagation path or range delay.
The MCS is closer to the downward HAAW-induced plasma displacements, just above the
large amplitude upward HAAW-induced plasma displacements; the MCS is likely caused
by a combination of upward and downward plasma displacements near the radio wave
reflection altitude.

3.7. Comparison of MCS Range Spread to Changes in Doppler Velocity

Next, we investigated the relative amplitude of the observed MCS range spread in
Figures 3 and 4 to the observed Doppler velocity variations identified in Figures 1 and 2.

In Figure 4, the MCS visible at the higher frequency is spread over a greater range
than the MCS visible at the lower frequency. That MCS is closer to the height of the peak F1
layer plasma density (h’F1) than the MCS caused by the large amplitude HAAW-induced
upward plasma displacement. Both MCS occur below h’F1 and the difference in range
spread should be related to their proximity to the layer peak.

In Figure 3, there is only one MCS just below foF1. That MCS corresponds to the larger
amplitude upward plasma displacement in Figure 1. The other HAAW-induced plasma
displacements are above h’F1 when the frequency sweep is co-located with them, and
range deformations that could result in a second MCS are not expected.

3.8. HAAW-Induced Range Variations in Fixed Frequency lonograms

The location of the HAAW in time was determined, and MCS range deformations
were correlated with the larger amplitude HAAW-induced upward Doppler velocity peaks.
Next, we investigated range variability in fixed frequency ionograms and compared them
to the plasma displacements shown in the Doppler velocity plots in Figures 1 and 2.

Figure 5 is the fixed frequency ionogram from 20:55 UTC, during the same observation
when the HAAW-induced MCS is observed in the O-mode trace in the sweep frequency
ionogram. There are no apparent range variations associated with the initial upward
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plasma displacement, but there is an O-mode range decrease that is associated with the
downward Doppler velocity peak shown in Figure 1 and an O-mode increase in range
associated with the second upward peak in Figure 1. The range increase begins shortly
before the observation period ends, and the peak amplitude of the HAAW-induced range
delay is not determined.

Wallops 2019 107 20:55:02 UTC 17Apr19 4.16500 MHz SNR [dB]
50

Downward

(=]

10.0 20.0 30.0 40.0 50.0
Time [s]

Figure 5. Fixed frequency ionogram when the NG-11 HAAW arrives at the O-mode fixed frequency
observation altitude. Start time is the same as in Figure 1, and arrival times of the initial upward
and large amplitude downward plasma displacements are identified as ‘Upward” and ‘Downward’.
The large amplitude upward plasma displacement occurs when the VIPIR is not transmitting, so any
effects are not identified.

The fixed frequency ionogram in Figure 6 is from 20:54 UTC, during the same observa-
tion when the HAAW-induced MCS is observed in the X-mode trace. This figure shows
X-mode range variations associated with both upward Doppler velocity peaks and the
downward Doppler velocity peak. The initial upward peak occurs 6 s into the observation,
the downward peak occurs 16 s into the observation, and the second upward peak is
observed 32 s into the observation. The times correspond to the plasma displacements
observed in Figure 2.

Comparing Figures 2—-6, the initial upward Doppler velocity peak corresponds to
an approximately 20 km increase in range, the downward peak corresponds to an ap-
proximately 20 km decrease in range, and the second upward peak corresponds to an
approximately 30 km increase in range.

Both the O-mode and X-mode range variations in the fixed frequency ionograms show
changes in the range delay associated with the respective Doppler velocity peaks. Range
increases are associated with upward Doppler velocity peaks and range decreases are
associated with downward Doppler velocity peaks. The amplitude of the O-mode range
variations is smaller than the amplitude of the X-mode range variations. This is explained
by the proximity of the reflection points to the F1 layer cusp with foF1 near 4 MHz (h'F1
near 192 Km) with the O-mode trace reflecting off of the 4165 kHz plasma and the X-mode
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Upward

trace reflecting off of the 3394 kHz plasma. In Figures 3 and 4, it can be seen that the
4165 kHz plasma is located above h’F1 in the lower F2 region and the 3394 kHz plasma is
located below h'F1.

Wallops 2019 107 20:54:01 UTC  17Apr19 4.16500 MHz SNR [dB]
50

20

Downward

10.0 200 30.0 40.0 50.0
Time [s]

Figure 6. Fixed frequency ionogram when the NG-11 HAAW arrives at the X-mode fixed frequency
observation altitude. Start time is the same as in Figure 2, and arrival times of the initial upward
and large amplitude downward and upward plasma displacement peaks are identified as “Upward’,
‘Downward’, and ‘Upward’, respectively.

3.9. Comparison to a Previous Observation

Similar range variations were observed during an earlier rocket launch. The ORB-1
rocket launched from WEFF on 9 January 2014 at 18:07 UTC (13:07 EST). During that
experiment, HAAW-induced plasma displacements were observed at the 4165 kHz fixed
frequency just below h’F1. The Doppler velocity and range variations were amplified
significantly by cusp effects [14].

The fixed frequency ionogram from the ORB-1 observations (Figure 7) shows features
similar to those seen in Figure 6. When these observations were made, the 4165 kHz
O-mode echoes reflected just below h’F1, similar to the X-mode plasma during the NG-11
flight. During the ORB-1 flight, the HAAW passed through the fixed frequency observation
altitude after the VIPIR had already swept past foF1. Consequently, the HAAW was located
in the bottom side F2 region when the frequency sweep passed the co-located plasma, and
there was no significant increase in the range delay and no MCS was observed in the sweep
frequency ionogram.
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Figure 7. Fixed frequency ionogram when ORB-1 HAAW arrives at the fixed frequency O-mode
observation altitude. Arrival times of the initial upward and large amplitude downward and upward
plasma displacements are marked ‘Upward’, Downward’, and “Upward’, respectively.

4. Discussion

We have investigated the relationship between MCS in sweep frequency ionograms,
range variations in fixed frequency ionograms, and fixed frequency Doppler velocity
variations. Previous observations of MCS have been limited to deformations in traditional
sweep frequency ionograms. For the first time, we correlate observed HAAW-induced
plasma displacements with the MCS, and we validate a previously proposed explanation
for how and why MCS form.

A motivation of this continuing research is to understand how a HAAW displaces
ionospheric plasma and how those plasma displacements result in features that have been
observed in ionograms. These results could help answer several important questions includ-
ing: how is radio wave propagation affected by HAAW-induced plasma displacements [16];
should HAAW energy transport be included into global atmospheric models [22]; and can
we explain previous HAAW observations made using traditional ionosondes [1], GNSS [23],
and other instruments.

The presented results are intended to advance our understanding of how HAAW-
induced atmospheric disturbances manifest in remote sensing observations. Understanding
what is seen in the observations is needed to help specify the physics of the HAAW
overpressure anomaly and how the atmosphere responds to it. Understanding the physics
of the HAAW overpressure anomaly and how the atmosphere responds to it is needed to
understand how infrasonic waves are related to weather, climate, and extreme events.

Three investigations that could enhance the results presented in this article are not
included. These include determination of the HAAW vertical propagation velocity, specifi-
cation of the overpressure anomaly, and the production of synthetic ionograms. All three of
these would require a significant application of theory, detracting from the main purpose
of this article, which is to present experimental results. Also, these investigations are not
trivial, and each deserves its own dedicated treatment.
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In this article, the location of the HAAW has been measured at several altitudes
using sweep and fixed frequency data in both O-mode and X-mode echoes. Previously,
HAAW have been observed to propagate faster than the adiabatic speed of sound in the
thermosphere [21]. The presented results show the HAAW propagation velocity is close
to the adiabatic speed of sound, suggesting the observations are made at a low enough
altitude that effects of the rarefied atmosphere did not have to be considered.

A theoretical investigation of how Equation (2) fails, compared to observational results,
is needed so this observation method can be used to determine the composition and
temperature of the thermosphere. This has potentially important implications for model
validation and satellite drag in low earth orbit.

Specification of the physics of the overpressure anomaly has important implications
in the understanding of atmospheric dynamics and energy transfer. In Figures 1 and 2,
HAAW-induced Doppler velocities are shown. To first order, the rate of change of these
velocity values should correspond to the form of the HAAW-induced pressure gradient
force. Specifically, an initial upward displacement followed by a downward displacement
is what would be expected from a simple overpressure anomaly; the following upward
displacement could be the result of a return of displaced electrons to equilibrium. These
are characteristic of a self-reinforcing wave that approximately maintains its shape as it
propagates in the thermosphere.

Rocket engines produce a complex acoustic signature that does not resemble a simple
overpressure anomaly. Determination of the form of the pressure anomaly is important
toward understanding what portions of the acoustic waves are attenuated in what regions
of the atmosphere, and how the wave structure converges as it propagates. Within the
scope of the presented results, we have shown that the presented Doppler velocity values
include effects of HAAW-induced changes in the index of refraction. Obtaining real velocity
values is not trivial, and a careful investigation of how the presented results can be used to
determine the form of the overpressure anomaly is needed.

A final investigation that is omitted is the comparison of synthetic ionograms to
the experimental results, similar to what was done by Maruyama et al. (2011) [1] and
Maruyama and Shinagawa (2013) [3]. To create physically realistic synthetic ionograms
that contain MCS, Equation (1) requires the presence of a local electron density peak. An
ionosonde can only measure an increasing EDP, and the presence of a local electron density
peak has to be inferred or determined through the application of theory. The scope of
this article is limited to experimental results, which could generate synthetic ionograms
that do not infer local density peaks, but those synthetic ionograms could only produce
HAAW-induced ionogram deformations and not MCS.

There are two other problems with using the presented results to generate synthetic
ionograms to try and reproduce the MCS. The first problem is that introducing local electron
density peaks would be trivial because any local electron density peak should result in
a cusp according to Equation (1). The second problem is that we would have to account
for the plasma displacements shown in Figures 1 and 2, which would make the EDP near
the reflection point change rapidly and would have to include spatial variations smaller
than the spatial resolution of the Dynasonde EDP. That means small scale structure in the
ionosphere would be neglected while considering HAAW-induced structure on those same
spatial scales. These considerations make it impossible to compute the real range delay,
and the results would be unreliable.

5. Conclusions

This article presents the first observations of MCS in ionograms after an Antares
rocket launch. These observations were made using an experimental method invented
by the authors which has been used to observe Doppler velocity and range variations in
ionospheric plasma. The results allow for a detailed comparison between observed Doppler
velocity variations and ionogram deformations, including the MCS.



Atmosphere 2022, 13, 958

13 of 14

References

The MCS in the presented ionograms appear in the form of additional cusps. The
formation of cusps near a plasma layer peak is predicted by the Appleton-Hartree equation
as a consequence of the increasing slope of the EDP near a layer peak, and the resulting
refractive index. These MCS manifest as a result of the echo range delay caused by changes
in the radio wave propagation velocity and path.

During the NG-11 experiment, HAAW-induced Doppler velocity variations were
observed in both the O-mode and X-mode fixed frequency echoes. Both traces were
separated in range and time and could be analyzed individually. For both traces, plasma
displacements were observed with a high time resolution of 80 ms as the HAAW passed
through the observed plasma.

The MCS were observed in both O-mode and X-mode echoes in sweep frequency
ionograms. The combination of timing and atmospheric conditions needed to observe
HAAW-induced MCS in both the O-mode and X-mode traces is unexpected, and would not
be possible for common ionosonde sounding intervals of 5 to 15 min or for measurement
modes which take several minutes to complete an ionogram. The design and construction
of the Wallops VIPIR is the instrumentation technology that enables the rapid measurement
modes necessary for these discoveries [15].

HAAW-induced range variations are apparent in the fixed frequency ionograms. This
provides an additional validation of the connection between the observed Doppler velocity
variations and the MCS identified in the sweep frequency ionograms. The range and
Doppler velocity variations are observed simultaneously and establish the relationship
between plasma displacements and the range delay.

Making use of the experimental modes of the VIPIR, the instrument functions effec-
tively as both a Dynasonde [18,21] and as a fixed frequency Doppler sounder [24]. This
has allowed for the direct correlation of two independent data sets and an improved
understanding of how a HAAW displaces ionospheric plasma and causes deformations
in ionograms.
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