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Abstract:

Rockets cause ionospheric disturbances as they pass through the upper atmosphere. Better
understanding these disturbances offers potential for new methods for launch detection and
characterization and insight into ionospheric and thermospheric physics. A grant was
provided to develop numerical models to accurately estimate the effect of rocket launches on
the ionosphere. This project included use of data assimilation for the global state of the
ionosphere-thermosphere system, direct simulation Monte Carlo (DSMC) modelling the
rocket exhaust plume, and general circulation model (GCM) modelling for regional
ionosphere-thermosphere impacts of the plume. Data assimilation of space weather index
biases based on time weighted accumulations was assessed. lonospheric depletions
associated with a small-lift launch vehicle (a Rocket Lab Electron) were modelled using a
GCM and compared with observations, which produced similar results for total electron
count changes. lonospheric waves were modelled by perturbing GCM boundary conditions,
producing ionospheric waves with similar spatial profiles.

Report:

Introduction

Space launches generate observable perturbations to the ionosphere through several
mechanisms (Mendillo, 1981). Due to the rarified upper atmosphere, these effects can
manifest over many hundreds of kilometers. Chemicals present in rocket exhaust, such as
water vapor, provide a more rapid pathway for ionospheric recombination reducing electron
densities. Interaction of the rocket plume with the thermosphere also produces acoustic and
gravity waves which perturb the ionosphere. These phenomena can provide a novel test of
numerical models of the upper atmosphere. Moreover, they may potentially serve as a means
of detecting and characterizing rocket launches.

Prior to the work described here, the investigators explored the use of regional general
circulation model (GCM) simulations to model ionospheric depletions due to rocket launches
(Bowden, Lorrain, & Brown, 2020). This work employed the Global lonosphere
Thermosphere Model (GITM) (Ridley, Deng, & Toth, 2006). The chemical model in the
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GCM was extended to include the effects of charge exchange and recombination reactions
between chemical species present in rocket exhaust and the ionosphere. Source terms were
added to simulations along the rocket trajectories, based on analytic models for initial plume
diffusion. This approach reproduced the observed diameter and movement of the depletion
well for the cases examined but overestimated the observed reduction in ionospheric
densities. It was determined that more accurate specification of the background ionosphere
and rocket exhaust plume were required to better predict the ionospheric perturbation.

Following this initial work, a grant was provided for the development of numerical methods
to accurately determine ionospheric perturbations due to rocket launches. Different aspects
of the work were intended to focus on estimating the global ionosphere state, modelling the
rocket plume interaction with the thermosphere, and modelling the regional ionospheric
response to perturbations. Comparison between modelling and simulation was also
performed over the course of the project. Progress in each of these areas is reported here.

lonosphere State Estimation

Part of this work was aimed at improving estimates of background ionospheric conditions.
This study used an ensemble Kalman filtering (EnKF) approach with the TIE-GCM model of
the ionosphere-thermosphere system (Richmond, Ridley, & Roble, 1992). In the EnKF
algorithm, an ensemble of model states represents the estimated state of a physical system
(as the ensemble mean) and its uncertainty (as the ensemble variance). These states are
alternately advanced forward in time using the model and then updated based on
observations. The latter step adjusts the posterior ensemble mean and variance to match a
Bayesian estimate considering the prior ensemble mean and variance and the observation
values and uncertainties.

The Data Assimilation Research Testbed (DART) was used to implement the EnKF
algorithm (Anderson, et al., 2009). The EnKF has previously been implemented for
TIEGCM using DART, for example by Matsuo (2014). Programs which interface with TIE-
GCM are included in the DART distribution. Prior to the current work, the investigators had
implemented scripts to set up and run EnKF data assimilation experiments on the National
Computational Infrastructure (NCI) computing clusters.

A novel data assimilation approach was investigated in which appropriate biases for space
weaher indices were estimated as part of the state. In addition to data for variables such as
temperature, the state included a bias for the solar flux F1o7 and geomagnetic a, indices. It
was hoped that estimating and applying these biases would allow the ensemble to retain
information from observations and enable accurate prediction over longer timescales. The
investigators had previously observed that in the absence of new observations EnKF TIE-
GCM state estimates would quickly revert to those without filtering (over timescales of
several hours).

It was discovered that the EnKF algorithm overestimated the required changes in biases. If
an adjustment was made to these indices, the full effect of the change was not represented at
the next timestep when the algorithm evaluated the further changes required. This
overestimate resulted in stability issues. To counter the problem, time weighted
accumulations were used to represent the bias in the ensemble states, similar to the indices
described by Wrenn (1987). The a, bias accumulation, 8, was defined such that:

521, (t;) = (1 — exp (- %)) 8ty (ti-1) + exp (- %) 8, (tiy),

where 6t is the timestep of the algorithm and T is a time constant indicating how long the
accumulation is affected by a particular bias value. Here 8a,,(t;_1) represents the posterior
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value for 8a, calculated for time step i — 1 and applied by the model over that time step.
A similar definition applied for the F107 bias accumulation.

Test cases were examined assimilating density data from the CHAMP and GRACE

accelerometers (Mehta, Walker, Sutton, & Godinez, 2017). Data assimilation experiments
were performed using a 90 member ensemble with an inflation factor of 2.0. Results of
experiments examining the period from 0:00 UTC September 12 2003, to 0:00 UTC
September 22 2003 are shown in Figure 1. This period included a geomagnetic storm which
peaked on September 17. Unfortunately, the data assimilation method did not show a clear
advantage over using TIE-GCM without filtering. It was noted that use of a longer time
constant reduced accuracy prior to the storm and a shorter time constant reduced accuracy
following the storm. It appears that the biases do not represent persistent differences between
TIE-GCM and the observed thermosphere as initially hypothesized. Rather, they are
associated with reduced fidelity when solar and geomagnetic conditions change.
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Figure 1 Ratio of orbit averaged density residual to orbit averaged density for TIE-GCM
estimates of CHAMP accelerometer density measurements. The blue lines apply biases to
space weather indices estimated using the EnKF algorithm the orange lines use the indices
without adjustments. Figure a) and b) show results for different time constants.

Rocket Plume Expansion

The Stochastic Parallel Rarefied-gas Time-accurate Analyzer (SPARTA) code was applied
to analyze initial expansion of the rocket exhaust plume (Gallis, Torczynski, Plimpton,
Rader, & Koehler, 2014). This code applies the DSMC technique to analyze rarefied gas
flows in either two- or three-dimensions. In SPARTA simulations, a stochastically generated
set of particles are moved through a hierarchical cartesian grid which is used to determine
the effect of collisions and reaction rates.

Two-dimensional SPARTA simulations of rocket plumes in the thermosphere have been
performed for both uniform and stratified thermospheres. In each case, the simulation
covered a 200 km x 400 km domain in the vertical and horizontal directions respectively.
The thermosphere consisted of a mixture of 0.036% O, 18.12% N, and 81.52% O, while
the rocket exhaust consisted of 32% N2, 28% H,0, 25% Ha, and 15% CO,. This was similar
to the case studied by Kaplan & Bernhardt (2010).

The location of the rocket was fixed at the midpoint of the left boundary. Horizontal travel
with fixed speed was represented by specifying initial velocities for particles entering the
simulation domain from this boundary with a specified velocity to the right. Density and
temperature for the incoming thermosphere particles in the uniform simulation are listed in
Table 1. In the stratified simulation the thermosphere densities were adjusted to give a scale
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height of 60 km while maintaining the same density at the scale height.

Velocity (m.s?) Density (kg.m™) Temperature (K)
Thermosphere 7720.0000 2.360E+20 809.0000
Exhaust 10790.0000 1.104E+15 120.0000
Table 1 SPARTA simulation parameters for the uniform thermosphere case.

A snapshot from the stratified thermosphere simulation is shown in Figure 2. The simulation
involved a total of 285 million particles and used 243 CPU hours on the NCI Gadi cluster.
Future development will include implementation of:

e boundary conditions from realistic thermosphere models,

e collisions,

e gravitational and non-inertial forces, and

e varying rocket altitude and velocity.
Postprocessing will be developed to determine the density, composition, and velocity of the
rocket exhaust exiting the simulation domain. These will be used as inputs for the GCM
simulation of the thermosphere.

v
'

Figure 2 Particles in the SPARTA simulation of a rocket exhaust plume with a stratified
thermosphere.

Regional lonospheric Depletion Modelling

This numerical modelling method previously developed by Bowden, Lorrain, & Brown
(2020) was employed to study the ionospheric perturbation caused by the launch of a Rocket
Lab Electron launch vehicle on March 22, 2021. The manuscript describing this work is
attached. The new capability which was developed in this case was the calculation of slant
total electron content (TEC). This enabled direct comparison with ionospheric delay
measurements for individual satellites. Doing so allowed finer scale comparison between
modelling and observation than was previously achieved using vertical TEC maps, which
obscure details due to binning and approximation of the ionosphere as a shell at fixed height
(Rideout & Coster, 2006).

The Electron launch helped to better understand the capabilities and limitations of the GCM
approach to ionospheric depletion modelling. In this case, unlike the one examined
previously, the maximum decreases in TEC were similar in both observation and modelling.
However, observations indicated that advection was not modelled correctly, leading to an
inaccurate estimation of the unperturbed ionospheric density and movement of the depletion
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over time. A method of better modelling thermospheric and ionospheric advection in future
may be to employ a version of GITM with regional grid refinement (Deng, et al., 2021).

Regional lonospheric Wave Modelling

GCM modelling was also used to examine ionospheric perturbations due to acoustic waves,
following on from prior work (Bowden & Brown, 2019; Bowden & Brown, 2021). In the
current work, perturbed boundary conditions were implemented in GITM to represent these
waves. Separate simulations were done for waves propagating into the upper and lower
thermosphere. Perturbations to the boundary conditions in each case were determined by
propagating acoustic rays from the rocket to those surfaces. A conference paper describing
this work is attached.

The GCM produced a similar V-shaped ionospheric perturbation to ray tracing simulations
and TEC observations reported by Lin, et al. (2017). The speed of propagation for the
disturbances was comparable with observation. However, the magnitudes of TEC
perturbations were substantially smaller than those observed. Issues identified included the
gap in altitudes between the upper and lower thermosphere simulations and numerical
diffusion from GITM’s advection scheme. In future, GCM modelling of ionospheric waves
could be improved by fully specifying the thermosphere state based on ray-tracing derived
perturbations to an empirical model.

List of Publications and any Significant Collaborations that resulted from your
AOARD-supported project for this year of the project:
The following paper was accepted for publication in peer-reviewed conference proceedings:
¢ Bowden, G. W., Numerical Simulation of Rocket Generated Travelling lonospheric
Disturbances Using a General Circulation Model, Proceedings of the 20" Australian
Space Research Conference, September 26 — September 28, 2022
The following manuscript is currently under review:
e Bowden, G. W., & Brown, M., Numerical Modelling and GNSS Observations of
lonospheric Depletions due to a Small-Lift Launch Vehicle, submitted to Space
Weather, 2023

Attachments: The above publication and pre-print are attached.
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Key Points:

 Jonospheric effects of the Rocket Lab Electron launch of 22 March, 2021 were in-
vestigated

« Numerical modelling using GITM and navigation satellite signal observations showed
comparable ionospheric depletions
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Abstract

Space launches produce ionospheric disturbances which can be observed through mea-
surements such as Global Navigation Satellite System signal delays. Here we report ob-
servations and numerical simulations of the ionospheric depletion due to a Small-Lift Launch
Vehicle. The case examined was the launch of a Rocket Lab Electron at 22:30 UTC on
March 22, 2021. Despite the very small launch vehicle, ground stations in the Chatham
Islands measured decreases in line-of-sight total electron content for navigation satellite
signals following the launch. General Circulation Model results indicated ionospheric de-
pletions which were comparable with these measurements. Line-of-sight measurements
showed a maximum decrease of 2.7 TECU in vertical total electron content, compared
with a simulated decrease of 2.6 TECU. Advection of the exhaust plume due to its ini-
tial velocity and subsequent effects of neutral winds are identified as some remaining chal-
lenges for this form of modelling.

Plain Language Summary

The ionosphere is a region of the upper atmosphere containing a mixture of ions
and electrons. Chemicals released when rockets pass through this region allow ions and
electrons to recombine, reducing their concentrations. These reductions were measured
for the launch of a Rocket Lab Electron rocket. The measurements were made based on
the difference in time signals at different frequencies took to pass through the ionosphere,
which indicated its concentration. Computer simulations were carried out for this case,
which showed a similar decrease in the concentration of the ionosphere following launch
to the the measurements. Some potential improvements to the models are suggested based
on this work.

1 Introduction

During space launch, rockets release exhaust gasses which modify the ionosphere.
The exhaust includes heteronuclear molecules such as CO2 and H5O, which undergo rapid
charge exchange reactions with O in the Fa-region to form molecular ions (Mendillo,
1981). These ions readily undergo neutralisation reactions, reducing ionospheric electron
densities. Ionospheric depletions following rocket launches have been observed using a
variety of methods, including ionosonde soundings (Booker, 1961), Faraday rotation of
satellite signals (Mendillo et al., 1975), air glow images (Mendillo & Baumgardner, 1982),
incoherent scatter radar measurements (Wand & Mendillo, 1984), Global Navigation Satel-
lite System (GNSS) signal delays (Furuya & Heki, 2008), and satellite Langmuir probe
measurements (Park et al., 2016). These depletions can provide a means of investigat-
ing ionospheric physics or detecting and characterising launches.

In this study, we investigate ionospheric depletions due to the launch of an Rocket
Lab Electron launch vehicle. This three-stage partially recoverable Small-Lift Launch
Vehicle (SLLV) has a wet mass of 13,000 kg and carries payloads of up to 300 kg to low-
Earth orbit (LEO) (Rocket Lab, 2022). Both stages use an RP-1/LOX propellant mix-
ture. Observations of ionospheric depletions were first made for the launch of the Van-
guard SLV-4 rocket, a comparably sized SLLV (Booker, 1961). However, ionospheric ef-
fects of such small launch vehicles have not previously been simulated numerically or ob-
served in GNSS data.

The launch (mission name “They Go Up So Fast”) occurred at 22:30 UTC on March
22, 2021, corresponding to 11:15 Chatham Standard Time (CHAST). Rocket Lab Launch
Complex 1 was the launch site, located at 39.262°S, 177.865°E (on the Mahia Peninsula,
New Zealand). The launch vehicle carried 7 small satellites to target altitudes between
450 km-550 km and 45.0° inclination. Section 2 and 3 respectively outline the numer-
ical ionosphere-thermosphere system modelling and GNSS observation methods applied
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to the “They Go Up So Fast” launch case. Results of these investigations are detailed
in Section 4 and further discussed in Section 5.

2 Numerical Modelling

A numerical simulation of the ionospheric depletion due to the rocket launch was
performed using the Global Ionosphere Thermosphere Model (GITM) (Ridley et al., 2006)
adopting the methods outlined by Bowden et al. (2020). This simulation covered an 8-
hour period from 22:30 UTC on March 22 to 06:30 UTC on March 23. The chosen do-
main spanned 50°S to 30°S in latitude, 170°E to 155°W in longitude, and 100 km to 536.67 km
in altitude. This domain was covered by a regular 108 x 144 grid horizontally and 50
grid points vertically. These altitudes corresponded to the thermosphere (in the neutral
atmosphere) and E- and F-regions (in the ionosphere). The simulation was run both with
and without rocket exhaust gasses being added. The electon density integrated along the
line-of-sight, or Slant Total Electron Count (STEC), was computed for GNSS satellites
based on azimuth and elevation data from the source described in Section 3. Output was
taken at 300 s intervals.

The rocket trajectory was estimated based on the target orbit, altitude, and speed
data. Rocket Lab provide speed and altitude data in their launch video (Rocket Lab,
2021). These data indicated that passage through the simulation domain coincided with
the second stage firing. The total mass flow rate during the second stage firing was es-
timated based on a nominal thrust of 7" = 25.8 kN and specific impulse of I, = 343 s
using m = T/ (Ispgo) (Rocket Lab, 2022). This was divided between HoO and CO2 as-
suming complete combustion. The rocket chemical source was added at points along the
trajectory for 520 s following launch (approximately corresponding to second stage cut-
off at approximately 320 km altitude). These were added following 300 s delay during
which diffusion was modelled analytically, avoiding excessive concentration gradients which
cause problems for the GITM numerical solver (Bowden et al., 2020).

3 GNSS Observations

Changes in Total Electron Content (TEC) following the launch were measured from
the Chatham Islands reference station (CHTI), located at 43.735°S, 176.617°E, 75.764 m
altitude. Slant TEC (STEC) data for the CHTTI station were obtained from the Madri-
gal CEDAR database. These were available for both GPS (here numbered 1 to 31) and
GLONASS (numbered 32 to 55) satellites. Data also included estimated pierce point lo-
cations, which are plotted in Figure 1, and azimuth and elevation data. To approximate
Vertical TEC (VTEC), STEC data were multiplied by sin («), where o was the eleva-
tion angle of the satellite measured at the ground station. This quantity will be referred
to here as Pseudo-VTEC (PVTEC). Data were recorded at 30 s intervals, though the
time series was interspersed with brief gaps in availability.

The trajectory of the rocket passed to the north of the islands and is shown in Fig-
ure 1. In the 90 minutes following launch, satellite 15, satellite 29, and satellite 55 pierce
points were identified as crossing the rocket ground track and selected for further study.
As shown in Figure 2, the crossing occurred earliest for satellite 15, followed by satel-
lite 55, and then satellite 29.

To provide comparison with an undisturbed ionosphere, data at a time offset of 1 day
(i.e. at the same time of day for March 23) were also considered. Levels of solar activ-
ity were similarly low for both days, with observed Penticton Fg 7 solar flux index of
80 SFU and 79 SFU on the launch and following day respectively (Tapping, 2013). There
were no flares of Class C or greater on either day. Geomagnetic activity was also low on
both days, with the Potsdam K, index not exceeding 3+ on either day (Matzka et al.,
2021). As the orbital period of GNSS satellites is half a sidereal day, the ground track
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Figure 1: Pierce points for TEC measurements from the Chatham Islands GNSS ground
station (CHTI) between 21:40 and 24:00 UTC. Markers are plotted at 10 minute inter-
vals The estimated rocket ground track while the first and second stages were firing is
indicated by the thick black line.

of each GPS satellite approximately repeats from one day to the next. By contrast, the
ratio of the orbital period of GLONASS satellites to a sidereal day is approximately 8/17.
Because 8 GLONASS satellites orbit in each plane, a satellite will approximately repeat
the ground track traced by the preceding satellite the previous day. Thus, data for satel-
lite 55 on the launch day could be compared with those for satellite 48 the following day.

TEC data from the OWMG reference station, located at 44.024°S, 176.369°E, 21.620 m
altitude, were also analysed. The features of these data were very similar to those of the
nearby CHTI station, supporting the same conclusions but not providing additional in-
formation. Therefore, OWMG station data are not presented here.

4 Results

The initial expansion and subsequent decay of the simulated ionospheric depletion
is shown in Figure 3. Shortly after launch, the VTEC depletion was highly elongated and
was aligned with the rocket ground track. At later times the depletion expanded per-
pendicular to the ground track while the magnitude at its centre decreased. Compar-
ing simulations with and without rocket exhaust, the largest VITEC depletion was 3.46 TECU,
occurring at 23:30. The background VTEC in the simulation increases and becomes more

spatially uniform as local time progresses from late morning to mid afternoon (11:15 to
14:45 CHAST).

Figures 4, 5, and 6 compare the GITM output with GNSS measurements taken at
the CHTT ground station. In each case, GITM output is shown with and without rocket
exhaust gasses while GITM observations are shown on the day of launch and following
day. Evidence of a depletion in STEC xsin («) was found for GNSS data following the
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Figure 2: Similar to Figure 1, zoomed in around pierce point crossings of the ground
track.

launch in each case. The depletion appears earliest for satellite 15, followed by satellite
55, and then satellite 29.

The estimated pierce point for satellite 15 observations crossed the ground track
at approximately 22:40 UTC, heading southward. Therefore, STEC measurements around
this time reflected ionosphere changes near the centre of the exhaust plume shortly af-
ter passage of the rocket. Figure 4 shows that a sudden variation in the rate of change
in PVTEC occurred around 22:40 UTC for both simulated GITM and real GNSS ob-
servations. Between 22:40 and 22:50 UTC, the observed quantity changes at approxi-
mately —0.1 TECU.min"}. During the same period, the difference between the simu-
lated quantity with and without exhaust changed at approximately —0.05 TECU.min !
The background value of PVTEC steadily increased in the simulation without exhaust,
but declined slightly in the real data offset by 1 day.

For satellite 55 observations, the pierce point crossed the ground track at approx-
imately 23:10 UTC. Figure 5 shows that this crossing approximately coincided with a
minimum in PVTEC for the GITM simulation. However, the real GNSS observations
indicate that the minimum occurred earlier, at 23:02 UTC. The simulated maximum de-
pletion was 2.6 TECU while the observed maximum (based on the difference between
the 1 day offset and post-launch data) was 2.7 TECU. The depletion in the simulated
quantity was apparent (> 1% of maximum value) in the GITM simulations between 22:45
and 23:45 UTC. Significant differences between the real GNSS data and those offset by
1 day were observed for approximately the same time period.

In the case of satellite 29, the ground track crossing occurred at approximately 23:40 UTC.
However, the minimum in PVTEC for the GITM simulation occurred earlier at 23:20 UTC.
Observed values of this quantity had a minimum at 23:14 UTC. The maximum deple-
tion based on the simulations was 0.9 TECU, while the maximum depletion based on
observations (determined as above) was 2.6 TECU. The depletion appeared in simulated
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Figure 3: VTEC maps from the GITM simulation of the Electron launch at 22:30 UTC

on March 22, 2021. Red contour lines occur at intervals of 1 TECU = 10%%electrons.m 2.
Estimated ionospheric pierce points for satellites 15, 55, and 29 are overlayed.
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Figure 4: PVTEC measured at the CHTI ground station for GNSS satellite 15. Simu-
lated results from GITM with (black line) and without (red line) the addition of rocket
exhaust are shown for a 90-minute period following the launch. GNSS measurements from
the satellite (blue lines) and comparable measurements from the next day (green lines) are
also provided. Mean value (thick line) and upper and lower bounds (thin lines) are plot-
ted for the GNSS measurements. Estimated distance from the pierce point to the ground
track is also indicated (thin orange line, right axis)
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Figure 5: Similar to Figure 4 for GNSS satellite 55 (black, red, and blue lines) and satel-
lite 48 (green lines).
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Figure 6: Similar to Figure 4 for GNSS satellite 29.

data from 23:00 UTC onwards (at > 1% of maximum value) and significant differences
between real GNSS data and those offset by 1 day appeared at approximately this time.

Global evolution of the depletion is illustrated by plotting changes in the total num-
bers of exhaust molecules and electrons in Figure 7. We define —AN,, ANc¢o,, and ANm,0
as the respective differences in the number of electrons, COs molecules, and HoO molecules
due to the addition of rocket exhaust. Only electrons and molecules above 200 km are
considered, as significant ionospheric depletions are limited to this region and GITM in-
troduces unrealistic changes in concentrations near the lower boundary at 100 km (Bowden
et al., 2020). ANco,, and ANpy,o both decreased rapidly from their initial value after
deposition by the rocket. This resulted in a maximum in AN, of approximately 8.2x
1027 at 00:05 UTC on March 23. Subsequently, AN, decayed with a characteristic time

of 7~ 2 to 3 hours (£ = L 400

Simulated changes in the number of exhaust molecules and electrons across differ-
ent altitudes resulting from addition of rocket exhaust are shown in Figure 8. We de-
fine —\¢, Aco,, and Ag,o as the respective differences in the number of electrons, COq
molecules, and HoO molecules per unit altitude due to the addition of rocket exhaust.
Both CO2 and HyO concentration increases were initially peaked around 270 km alti-
tude before falling to lower altitudes. Electron concentration decreases were initially con-
centrated around similar altitudes, before they diffused to higher altitudes over subse-
quent hours. These decreases tended to persist for longer times at higher altitudes.

5 Discussion

The observations and simulations presented in Section 4 showed that ionospheric
effects of even comparatively small launch vehicles such as the Electron are detectable
through GNSS observations. Both real and simulated measurements evidinced ionospheric
depletions larger than the uncertainty for these measurements. These results suggest that
observations from GNSS ground stations are sufficiently sensitive to detect most space
launch vehicles as they pass through F-region altitudes. Numerical simulations could be
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Figure 7: Changes in the total number of electrons and exhaust molecules above 200 km
altitude in the GITM simulation due to the rocket. AN, (solid line), AN¢o, (dashed
line), and ANy, (dash-dotted line) are shown.

used in future to provide data for a classification scheme to determine when launches oc-
cur using GNSS observations.

Our method provides better agreement with observations of the magnitude of TEC
depletion in the current case than it did for the Falcon 9 launch of FORMOSAT-5 which
was investigated previously (Bowden et al., 2020). This can be attributed to the shal-
lower angle of ascent for the case presented in this paper. Consequently, the vertical com-
ponent of initial plume velocity was lower in the Electron case and therefore ignoring the
consequent vertical advection of COs and HoO molecules in the simulations is more re-
alistic. Lower altitudes corresponded to decreased thermosphere residence times for the
molecules. Moreover, ionosphere production rates increase with decreasing altitude in
the F-region. Together these effects result in a shorter-lived ionospheric depletion (com-
paring Figure 7 with Figure 10(b) in Bowden et al. (2020)). In future, satellite-based GNSS
radio occultation may provide opportunities to study the evolution in the depletion at
higher altitudes more directly.

Advection of rocket exhaust due to its initial velocity in the horizontal direction
may have been important in the Electron case. This may help explain why the deple-
tion appeared to have been underestimated by GITM for the satellite 29 observations
but not those for satellite 55. Figure 1 shows that the pierce point for the former satel-
lite passed closer to the launch site. The Electron I, value corresponded to an exhaust
velocity of v. = 3360 m.s~'. The launch vehicle was estimated to reach this speed ap-
proximately 297 s after launch when located at 40.88°S, 177.31°W. Prior to this time,
exhaust would have had an initial velocity opposite that of the launch vehicle (in an Earth
Centred Earth-fixed reference frame).

The launch of an Electron SLLV better approximates our model of initial plume
expansion as a series of point releases than those of larger launch vehicles. Plume dimen-
sions are reduced for smaller launch vehicles, with an approximate analytical treatment
indicating length and maximum radius are each proportional to /T where T is thrust
(Jarvinen et al., 1966). Moreover, forces exerted by smaller launch vehicles on the back-
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ground ionosphere and thermosphere are expected to affect the background state less.
Resulting disturbances such as the ”snow-plow effect”, wherein the plume directly dis-
places the ionosphere, are thus minimised.

For smaller launch vehicles initial high concentrations of exhaust gasses are less likely
to saturate the ionosphere, reducing electron and ion concentrations to very low levels
thereby inhibiting these gasses further contribution to the depletion. Therefore, in such
cases, numerical models will be less sensitive to the treatment of the early expansion of
the plume. It will also limit the opportunity exhaust gasses have to diffuse to higher al-
titudes where they can give rise to long-lived ionospheric depletions. Figure 7 shows that
time that exhaust gasses spent within the thermosphere in the simulation was short com-
pared with that for which the depletion existed (ANco, and ANy,o declined below 10%
of peak levels 95 min and 65 min after launch respectively) for the Electron launch. The
exhaust gasses declined more rapidly in simulations for this case than for either Falcon
9 launch examined by Bowden et al. (2020) (see Figure 10 in the reference).

The minima in PVTEC observations of satellites 55 and 29 occurred earlier than
their pierce points crossed the satellite track. Therefore, the depletion appears to have
been pushed southwards towards the CHTI ground station due to advection of rocket
exhaust gasses by thermospheric winds. GITM estimated that minima occurred later,
suggesting the model underestimated the southward component of these winds.

The regional GITM simulations in this study did not include global-scale convec-
tion, which affects neutral wind and ion drift velocities. Open boundary conditions at
the upper and lower bounds for latitude and longitude were applied in these simulations,
which produces unrealistic results for longer simulations. Figure 3 shows that latitudi-
nal variation in TEC outside of the depletion decreases significantly over time. The bound-
ary condition issue could be rectified in future by using global GITM runs with local grid
refinement, a capability for investigating multi-scale phenomena described by Zhao et
al. (2020).

6 Conclusions

Tonospheric depletions were observed following the launch of an Electron SLLV. Ob-
servations and GITM simulations of STEC changes due to these depletions were com-
parable in magnitude and duration, demonstrating the promise of GCMs for modelling
these anthropogenic impacts upon the ionosphere. Simulations indicated that exhaust
gasses were short-lived compared with the resulting ionospheric depletion, unlike the FORMOSAT-
5 launch case previously examined by Bowden et al. (2020). Evidence was found in GNSS
observations for southward advection of the ionospheric depletion, which was not accounted
for in the regional GITM simulation. These findings will inform future GCM develop-
ment for simulating interactions between rockets and the ionosphere.
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Numerical Simulation of Rocket Generated Travelling
lonospheric Disturbances Using a General Circulation
Model
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Summary: Rocket exhaust plumes generate acoustic and gravity waves in the upper
atmosphere. These waves drive travelling ionospheric disturbances (TIDs) which can be
observed, for example, in measurements of total electron content (TEC) from navigation
satellite signals. The Global lonosphere Thermosphere Model (GITM) was used to model
acoustic wave propagation and ionospheric interaction. GITM boundary conditions
incorporated perturbations computed using a ray tracing model with an analytically calculated
source representing the rocket exhaust plume. This ray tracing model accounted for neutral
winds and non-linear aging.

The Jason-3 launch on a Falcon 9 rocket was simulated using these methods. GITM wave
propagation was compared with ray tracing simulation output based on arrival times and
pressure perturbations. lonospheric disturbances above and below the trajectory were
examined using GITM and related to thermospheric perturbations. TEC estimates from this
method were compared with those measured using navigation satellite signals in a previous
study.

Keywords:  acoustic ray tracing, general circulation model, shock acoustic waves,
ionospheric disturbance.

Introduction

Rocket launches have been shown to impact the ionosphere in various ways, as summarised in
reviews by Mendillo [1] and Afraimovich et al. [2]. These disturbances include effects of
atmospheric waves which are generated by the expansion of rocket exhaust plumes. Such
TIDs have been observed, for example, in ionosonde [3], incoherent scatter radar [4], very
long baseline interferometer [5], and Global Navigation Satellite System (GNSS) ground
station [6, 7, 8] ionosphere measurements. These TIDs propagate with a wide range of periods
and group velocities and have been associated with shock acoustic waves (SAWS),
atmospheric gravity waves, and ducted gravity waves.

Waves in the thermosphere drive ionospheric perturbations in several ways resulting from
ion-neutral collisions and changes in reaction rates [9]. Firstly, the entrainment of ions by
neutral gas can produce compressions and rarefactions in their density. Moreover, this motion
can move ions along magnetic field lines to different altitudes, changing loss rates. Changes
in neutral gas densities at a point in the thermosphere can also change ion production rates
there as well as solar extreme ultraviolet (EUV) radiation fluxes beneath it. Finally, ions being
dragged perpendicular to magnetic field lines by neutral gas can produce potential differences
which get mapped along the field lines [10]. Resulting polarisation electric fields can then
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affect ion motion at different altitudes. The relative importance of each of these mechanisms
is strongly dependent on altitude [9].

Lin et al. described a set of GNSS observations of ionospheric disturbances following a rocket
launch [7]. Two-dimensional TEC variation maps were derived assuming ionospheric pierce
points at 200 km altitude, the approximate altitude achieved by the rocket during its second
stage firing. VV-shaped perturbations in the time rate of change of TEC were identified which
propagated away from the rocket trajectory. These perturbations were attributed to SAWS.

TIDs generated by rockets offer a potential means of launch detection and characterisation.
They may also help constrain properties of the ionosphere and thermosphere. Propagation
velocities of the atmospheric waves are determined by temperature, neutral wind, and
composition in the thermosphere. lonospheric profiles also influence the disturbances through
the mechanisms outlined above. While there have been extensive observations of TIDs
generated by rockets, modelling has been limited. Previously, ray tracing has been used with
simplified models of ion advection [5, 11] or assumed neutral wave perturbations have been
used with ionospheric models [10].

This paper describes simulations of SAWs following the launch of the Jason-3 satellite. A
general circulation model (GCM) for the ionosphere-thermosphere system was used to model
wave propagation and ion-neutral interactions in detail. SAWSs were introduced via boundary
conditions obtained by acoustic ray tracing. Details of these models are provided in the
Methods section. Ray tracing and GCM modelling of wave propagation is compared in the
Results section, along with predicted ionospheric disturbances from the latter. Interpretation,
limitations, and potential extensions are considered in the Discussion section.

Methods
Case Study Details

This study numerically modelled the SAWs detected by Lin et al. [7]. These disturbances
were generated by the launch of a SpaceX Falcon 9 v1.1 rocket occurring at 18:42:18 UT
(10:42:18 LT) on 17 January 2016. The launch took place from Space Launch Complex 4
East at Vandenberg Air Force Base (34.633°N, 120.613°W). Main engine cut-off occurred
154 s after lift-off and the second stage fired between 165 s and 540 s after lift-off [12]. The
Jason-3 satellite was inserted into an initial near-polar low Earth orbit (inclination 60.04°)
with approximately 200 km altitude. The trajectory for this launch was estimated previously
by Bowden et al. [13], for a study of chemical ionospheric depletions rather than waves. Solar
and geomagnetic activity were low at the time of the launch, with a daily F10.7 flux of 101
SFU measured at Penticton Radio Observatory* and Potsdam 3-hourly Kp-index of 1-2.

Acoustic Ray Tracing
Acoustic ray tracing computes propagation of the waves through a medium by idealising these

as a collection of infinitesimally wide beams. It relies upon the assumption of geometric
acoustics; that is, the wavelength is very small compared with the length scales of the problem

1 Solar radio flux - archive of measurements, Space Weather Canada, https://www.spaceweather.gc.ca/forecast-
prevision/solar-solaire/solarflux/sx-5-en.php
2 Matzka, Jurgen, et al. Geomagnetic Kp index. V. 1.0. GFZ Data Services. https://doi.org/10.5880/Kp.0001
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under consideration. Also implicit in this technique is the assumption that the medium can be
treated as a fluid; having a mean free path which is very small compared with the wavelength.

In the present work, ray tracing in an inhomogeneous moving atmosphere is implemented
based on the Hamiltonian system of equations derived by Ugincius [14]. These were
converted to spherical coordinates and solved using MATLAB’s ode45 solver. This treatment
neglected buoyancy effects, corresponding to the assumption that the acoustic wave period, T,
was much shorter than the Brunt—\Vaisala period,

To=27/N(g-(y-1)/(y-H)+(g/7) - (dr/dz)). (1)

Here H is scale height, y is isentropic expansion factor, g is downward gravitational
acceleration, 7 is temperature, and z is altitude.

An acoustic ray tracing simulation was carried out for the Jason-3 launch. Rays were launched
at 10 points along the rocket trajectory at regular time intervals from 160 s to 400 s after
launch. This covered the period of ascent during the second stage firing, which has previously
been associated with SAW generation [15]. At each point, N. = 25 rays were launched above
the horizontal and 25 rays were launched below the horizontal. The rays were launched at an
angle to the rocket trajectory complementary to the Mach angle, p. The azimuthal angle for
the projection of ray i onto a plane perpendicular to the trajectory was given by,

ai=+xl2) - 2-1/(Na/2]-i +1)),fori=1,...,[Na/2] @)
ai=+(x/2) L/ G +1-[No/2]),fori=[Na/2]+1, ..., Na (3)

This preferentially launched rays near the horizontal, which tended to increase their coverage
at a given altitude, as shown in Fig. 1. Atmospheric quantities, such as z and y were
determined using the NRLMSISE-00 empirical model of the upper atmosphere [16]. Neutral
winds were computed based on the HWMQO7 empirical horizontal wind model [17].
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Fig. 1: Arrival time of (a) initially upward (0° < ai < 180°) and (b) initially downward (-180°
< ai < 0°) acoustic rays for the Jason-3 launch, shown with rocket trajectory (black line).
Inset: ray launch geometry.

Fig. 1 shows the trajectory and arrival time for acoustic rays in the simulation. The thermal
gradient in the thermosphere implied that there was a gradient in sound speed,

cs=V (y-ks-z/m), (4)
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where ks is Boltzmann’s constant and m is the mean molecule mass. This resulted in
downward refraction of the rays. The minimum in temperature and sound speed around the
mesopause caused ducting of slowly travelling rays around 90 km altitude. Some asymmetry
in ray propagation occurred due to north-westward neutral winds.

Analytic methods were used to estimate pressure, temperature, and velocity perturbations
along the rays. The theoretical treatment of Jarvinen et al. was adopted to determine
dimensions of the plume [18]. This was approximated as an equivalent parabolic solid of
revolution, as illustrated in Fig. 2. Near-field pressure perturbations generated by this
supersonic body were calculated using the weakly nonlinear theory of Whitham [19] as
applied by Middleton et al. [20]. This describes evolution (or “ageing”) of the perturbations
towards the N-wave profile in the far field. Conservation of energy was ensured by requiring
that the Blokhintzev parameter remain constant along rays [21]. Velocity and density
perturbations were computed from pressure perturbations using a plane wave assumption.

2L AN

2Rmax

Fig. 2: Dimensions and assumed shape of the exhaust plume (rocket rest frame).
Global lonosphere Thermosphere Model

The Global lonosphere Thermosphere Model (GITM) is a GCM which simulates the major
ionised and neutral components of the upper atmosphere [22]. This model numerically solves
coupled continuity, momentum, and energy equations for the ionosphere and thermosphere on
a three-dimensional grid. Terms are included representing gravity, external electromagnetic
fields, EUV photoionisation and photodissociation, auroral particle precipitation, and
ionosphere/thermosphere chemistry. The model separates vertical and horizontal advection,
based on the difference in typical vertical and horizontal length scales in the upper
atmosphere. GITM differs from other GCMs in that it does not assume hydrostatic
equilibrium in the vertical direction, adopting altitude rather than pressure level as the vertical
coordinate [22]. This feature allows GITM to model acoustic waves [23].

GITM can be run either for the entire globe or a region bounded in latitude and longitude. The
latter mode was used in this work, permitting high resolution of the region of interest without
excessive computational requirements. In this mode, GITM set zonal and meridional gradients
in variables to zero at its longitude and latitude boundaries, respectively. The simulations
covered a domain of 123°W to 113°W and 28°N to 36°N, with 160 by 160 grid points. Lower
thermosphere simulations covered 100 to 165 km altitude and upper thermosphere simulations
covered 225 to 600 km altitude, with grid points spaced at 5 km intervals (comparable with
the horizontal spacing). The GITM three-dimensional electrodynamics model was not used,
thereby neglecting effects of polarisation electric fields induced by SAWs.

GITM was initialised using the NRLMSISE-00 thermosphere, HWMO7 neutral wind, and IRI

ionosphere [24] empirical models. The simulations began at 18:40 UT 17 January 2016 and
concluded at 19:10 UT. This period was very short compared with the typical 1.5 days for
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GITM to converge on a solution independent of initial conditions [22]. Thus, the unperturbed
state overwhelmingly reflected the empirical models used to initialise the simulations rather
than the dynamics of GITM. Fig. 3 shows vertical profiles derived from the empirical models.

(o}

600 600,

- =V

w
(=]
(=]

[}
(=]
(=]

N

o

(=]

-—--V

Altitude (km)
(98] £
(=] (=]
(=] o
Altitude (km)
w
(=]
o

s8]
o
o
n
(=}
o

-

-
o
o
—-
o
o
-
I

o

0
10° 1010 10'° 10%° 10%° 0 500 1000 1500
Number Density (m'3) Speed (m.s'w)

(a) (b)

Fig. 3: (a) Vertical profiles of NRLMSISE-00 neutral number densities (solid) and IRI ion and
electron number densities (dashed). (b) Vertical profiles of HWMO7 neutral wind velocity
components (dashed, x is east, y is north, and z is up) and sound speed (from NRLMSISE-00).
All profiles were taken at (32°N, 118°W) for 18:50 UT.

Fig. 4 shows vertical profiles of length and time scales computed by the empirical models. It
suggests the assumptions of the acoustic ray tracing method held for most of the upper
atmosphere. The length scale of the plume, L, is substantially greater than the mean free path,
I, and less than acoustic cut-off wavelength, a, or the scale height for changes in sound speed,
Hc = ¢ /|dc / dz|, except around 120 km altitude. The time period, T = 2L / u where u is the
rocket speed, is much less than the acoustic cut-off period, Ta, or Brunt-Vaiséla period, Tb.
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Fig. 4: (a) Length scales and (b) time scales along the rocket trajectory.
Upper and Lower Boundary Conditions

Acoustic ray tracing simulation results were used to compute perturbations to density, p,
temperature, z, and neutral wind velocity, v, at the GITM vertical ghost-cells. These were
applied to the upper boundary for lower thermosphere simulations and the lower boundary for
upper thermosphere simulations. Computing these perturbations involved interpolation from
the irregularly spaced points where rays pierced a constant altitude surface to the grid points
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at that altitude. This was done using the griddata MATLAB function. As indicated by Fig. 1,
only initially upward propagating rays reached the lower boundary of the upper thermosphere
simulation, while those which reached the upper boundary of the lower thermosphere
simulation included both initially upward and downward propagating rays.

Results
Comparison of Acoustic Ray Tracing and GITM

Arrival times for SAW perturbations were comparable for ray tracing and GITM simulations,
as shown in Fig. 5. Ray-tracing arrival times represented the leading edge of disturbances and
GITM arrival times when density disturbances reached 10% of their maximum value. At
altitudes of 150 km and 250 km, similar V-shaped arrival time contours were evident,
suggesting that acoustic wave propagation speed and direction agreed between simulations.
Truncation of the V-shape in Fig. 5(d), reflected when the simulated source turned off.
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Fig. 5: SAW arrival time from ray tracing (a) at 150 km and (b) at 250 km altitude and from
GITM (c) at 150 km and (d) at 250 km altitude. Dark red denotes arrival after 600 s.

Fig. 6 and Fig. 7 show SAW neutral density perturbations from each simulation and SAW
electron number density perturbations from the GITM simulation at 150 km and 250 km
respectively. There was reasonable agreement between simulations regarding the spatial
pattern of density perturbations, and hence also for propagation direction and wavelength.
However, GITM estimated substantially smaller neutral density perturbations than ray tracing.
Moreover, these perturbations were more smoothed out in the former case. At 150 km, neutral
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density perturbations coincided with opposite signed electron number density perturbations.
By contrast, at 250 km, electron number density perturbations tended to have the same sign as
neutral density perturbations and the former persisted in the wake of the latter. Perturbations
travelling to the rocket’s left were larger than those travelling to the right in the GITM output.
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Fig. 6. Perturbation maps at 150 km altitude for (first row) ray tracing density, (second
row) GITM density, and (third row) GITM electron number density. Taken at (first
column) 18:48 UT, (second column) 18:50 UT, and (third column) 18:52 UT.
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Propagation of Thermosphere and lonosphere Perturbations

Vertical and horizontal propagation of SAW perturbations are shown in Fig. 8. Fig. 8(a) and
(b) show temporal evolution of altitude profiles for temperature and electron number density
perturbations at a point on the ground track, (31.425°N, 118.71875°W) respectively marked
by a white dot and dashed line on Fig. 6(i). In the former plot, SAW vertical phase velocity
increased with altitude. This qualitative behaviour was expected from the sound speed Fig.
3(b), though GITM propagation speeds were significantly higher (0.6 km.s™* at 100-150 km,
1.7 km.st at 250-350 km, and 14 km.s* at 500-600 km).

Temperature perturbations declined more slowly moving upward from the source than
downward, as expected for the stratified atmosphere in Fig. 3(a). Above the F-region peak in
Fig. 3(a), positive electron density perturbations occur between SAW temperature (and hence
density) maxima and minima. Immediately below, this relationship is reversed. A small
increase in electron number density occurs around 240 km in the wake of the SAW. In the
lower thermosphere, electron number density perturbations do not follow acoustic wave
propagation and appear rapidly across a range of altitudes.

TEC changes along a line perpendicular to the ground track in the lower and upper
thermosphere are shown in Fig. 8(c) and (d) respectively. Initial TEC perturbations are
negative for the lower thermosphere and typically positive for the upper thermosphere. For
both the upper and lower thermosphere, propagation was asymmetric about the ground track,
with a higher along-line velocity to the left of the rocket. For the lower thermosphere this
approached about 1.4 km.s? to the left and 0.9 km.s? to the right, and for the upper
thermosphere this approached about 1.4 km.s™ to the left and 0.8 km.s™ to the right.
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Discussion

GITM SAW simulations showed V-shaped disturbances qualitatively similar to those derived
from GNSS measurements [7]. Those measurements indicated that initial TEC changes were
positive, like the simulated electron number density changes in the upper thermosphere but
unlike those in the lower thermosphere. This suggests that upper ionosphere perturbations
were predominantly responsible for the observed SAW TEC signature.

SAW TEC perturbations were approximately an order of magnitude smaller in GITM than
GNSS measurements (comparing Fig. 8 of this paper with Fig. 3 from Lin et al. [7]). This
may have been partly attributable to underestimation of SAW thermosphere perturbations in
GITM (suggested by comparison with ray tracing in Fig. 6 and Fig. 7). Numerical diffusion
and difficulty capturing shocks in the GITM advection scheme likely contributed to this
underestimation. Also, perturbations around 200 km were not included in simulations but may
have contributed significantly to observations, given that ionosphere perturbations were
greatest near the perturbed simulation boundaries.

The time when disturbances appeared in the simulations differed from Lin et al. [7],
apparently resulting from use of a non-causal filter in the latter. At 252 s after launch, Fig. 1
in that reference shows the SAW wavefronts approximately 530 km horizontally from the
launch site. However, integration under the curve in Fig. 5(a) of Chou et al. [8] indicates that
the rocket had only travelled approximately 250 km in total at this time. If the pierce point
altitude associated with ionospheric perturbations were overestimated the distance to pierce
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points would also be overestimated. This would place the wavefronts further from the land
based GNSS ground stations than they actually were.

Several factors could have contributed to the asymmetry seen in Fig. 8(c) and (d). Possible
physical causes may have included orientation with respect to the (north-westward) neutral
winds and (northward) magnetic field lines. Numerical causes may have included orientations
with respect to the grid and asymmetry of the region where perturbations were applied. The
rightward SAW velocity components were comparable to those indicated in Fig. 3 of Lin et
al. [7]. However, an 8-15 min bandpass filter was applied to those results and the periods
reported were much greater than those for simulations presented here.

The relationship between SAW perturbations in the thermosphere and ionosphere varies with
altitude due to changing collision, reaction, and photoionisation rates. In the upper
thermosphere, compressions (rarefactions) in neutral species cause compressions
(rarefactions) in long lived ions moving along magnetic field lines. In the lower thermosphere,
where Oz and Nz deplete O" via charge exchange and dissociative recombination,
compressions (rarefactions) caused increased (decreased) loss rates. Moreover, compressions
(rarefactions) reduced (increased) EUV fluxes reaching lower altitudes and thus production
rates. Note that flux values were overestimated at the top of the lower thermosphere
simulation, due to the neglect of EUV absorption above 165 km. While the TEC
measurements available for this case do not distinguish ionosphere perturbations at different
altitudes clearly, it may be possible to measure perturbations at specific altitudes with satellite
Langmuir probe or ionosonde measurements.

The methodology presented here could be extended in several ways. Use of GITM with the
three-dimensional electrodynamics model would allow consideration of polarisation electric
field effects. GITM could be modified to run with the thermosphere state specified using
NRLMSISE-00 and perturbations computed using ray tracing. This would remove unwanted
non-equilibrium effects and numerical damping of SAWs. It would also allow the region
around the source altitude to be included in the simulation. Finally, a different ray tracing
simulation could be used to compute boundary condition perturbations representing
atmospheric gravity waves.

Conclusion

This work used the GITM GCM to investigate propagation of SAWs due to rocket launches
and the relationship between the resulting thermosphere and ionosphere perturbations. GITM
showed promise as a model of these disturbances, producing reasonable estimates for SAW
propagation and spatial profiles. SAW ionosphere perturbations extended over a range of
altitudes and involved different mechanisms, though appeared to be greatest near the source
altitude.
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