Observation and simulation of upper atmosphere perturbations due to rocket trajectories
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In the 1onosphere triggered by rocket with a steep
Initial ascent.

 \ehicle: SpaceX Falcon 9 rocket.

launch of a SpaceX Falcon 9 rocket carrying JASON-3 satellite in 2016. The rocket-triggered lonospheric disturbances triggered by
ionospheric disturbances show V-shape shock acoustic wave signature, followed by series of CTIDs. rocket .
Another Falcon 9 rocket carrying Taiwan’s FORMOSAT-5 Earth observation satellite into orbit in | ¢ Vehicle: SpaceX Falcon 9 rocket.

2017. The_lig_htly \_/veighted solo pay_load (_enabl_es the rocket to fly a uni_que lofted trajectory_ for a | « Date: 17 January 2016. o el S| RSk B | . Date: 24 August 2017.

_dlrect orbit msertl_on, thus g_eneratmg_ gigantic cireular _shock a}coustlc waves (SAWSs) In the | . Disturbances: v S i TOEDRCI | -~ i s Disturbar B sl

lonosphere, following by an ionospheric hole due to rapid chemical reactions of rocket exhaust —— e o ———

plumes and Ilonospheric plasma. Simulation of upper atmosphere perturbations due to rocket T ~ Plasmahole ~3 hr  Erkca—

trajectories is investigated. We conclude the circular and V-shape ionespheric disturbances are | ¢ CTIDs characteristics: N - e | Circular SAWSs characteristics:

triggered respectively by different orbit insertions of FORMOSAT-5 and JASON-3 based on a v Source on the rocket trajectory. g | vl ¢ & el v Rapidly appear iNTEC ~5 min after the liftoff. | — —

cosine angle relationship of actual SAWSs and observed horizontal SAWS veloc_:ltl_es. Understanding v Distances more than 1000 k. wwd N v Extended ~1.500 R in diameter.

how the rocket launches affect our upper atmosphere and space environment Is important as these _ LongitudecE - _ _ _ Y

anthropogenic space weather events are expected to increase at an enormous rate in the near future. v Northward phase velocity 241-617 m/s. Emanated outward With ~20 min duration. e S5, asasms
v" Periods of 10.5-12.7 min. v Horizontal phase velacities of ~629-726 m/s. e $2

\/ v Wavelength ~200-400 km. v' Periods of ~10.28 1 min. 5
v'ldentified as Gravity waves!! v Horizontal wavelengths of ~390-450 km.

Over the past few decades, since the 1960s, rapid developments in space technology have enabled | e Description of wave sources:  Description of wave sources: T U T 0

human e>_<p|orat|(?n beyond the Earth’s O_rb't- With a Iarge_ n_umber of space V_Eh'des Ceno The HHT spectrum confirms clear rocket- [N e ) This is the largest rocket-induced circular SAWSs on record, [EEHESEEEER
payloads into orbits, space weather effects linked to human activity have become an important issue. | related disturbances with enhanced amplitudes extending approximately 114-128°W in longitude and 26-39°N [yl

« Rocket exhaust plumes generated ionospheric electron density depletions via chemical | of TEC covering period of 3.3-13.9 min and | | | w
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In latitude (~1,500 km in diameter), and was due to the unique, H#

recomblnatlon process along the ascendlng trajectorles being manifeSt for frequenCieS Of 1.2-2.8 mHz goTclp?aim/i 347,69 mls E-ZI-IZI.)#ém/s. » nearly vertical attitude of the rOCI(Et during orbit insertion. : . | .
y ) ) { g X 6_13.9 min time eriOd durin the Iaunch. Uw (G:I;’[.);ﬁsomfs //'/, ’,// c;nllljg;m/s i | . -130 _125._0ng_it1u2£(»5)_115 -110 -130 _125|_ong;t]|-,|2dz (DE)—115 -110 -130 _125|_ong;11u2doe(“|-:)_115 -110
« Kakinami et al. (2013) observed the V-shape SAWSs in GPS-TEC triggered by a missile launch ( | period) : | : g » Plasma hole characteristics:
from North Korea on 12 December 2012 where the V-shape waves' horizontal phase velocities Thf optimal V‘iave_ SO‘t”CE searching atng v Created by the rocket-exhaust plume.
gravity wave ray-tracing technique suggeste _ | - :
were much faster than records. that the CTIDs have multiple sources which v' Large-scale ionospheric plasma hole (~900 km in diameter). g ) \
* Ding et al_. (2014) ol?served the long-distance propagation of V-shape S_AWs on both sides of the | e originated from ~38-120 km altitude v Subsequently created with 10-70% TEC depletions. e n e e
rocket trajectory during the launch of the Shenzhou 10 spacecraft in China on 11 June 2013. before and after the ignition of the 2" stage [ESEES T ya Significance of such huge TR G 1 P — .
« Lin, Shen, et al. (2017) first reported the concentric traveling ionospheric disturbances in GPS- | rocket, ~200 s after liftoff. ] il i J ) | _
TEC associated with the concentric gravity waves induced by the Falcon 9 rocket. The CGWS5s a) Reversed ray tracing from 200 km to TE%”L'IketC”f_“'ar St'r?‘WS t‘)’Vh'Ch hf“_’e e Shmaf"erlamp“t#dle St ?(‘; E
originated from the mesopause region and propagated into the ionosphere. 38-120 km altitudes. UCLLALIONS, The SULSEGUENT TONOSPRETIC piasma NOTe COLTT s T . '
_ cause spatial gradients In the Ionospheric plasma potentially | I
— P——— b) The theoretical cutoff frequency of leading to a range error of ~1 m to the navigation and positioning. [ = e
GPS Satellite 15 32 GPS Satellite AR Real Shock Wave Velocity OIPparicon o= Two Tareon 7 faunch acoustic and gravity modes. _ _ y _ ERER AL Rl U 4 ) :
: n ‘ e e — . _ _ Since L1 is a civilian-use signal, to be broadcast on the L1 p# e - ¢
i c) CGWs periods and radius. frequency (1575.42 MHz), T S Al SR A
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d) CGWs horizontal wavelength and radius. ar = ——

Msignai delay/ TECU = 0.16 m/TECu.
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Shinagawa and Oyama [2006] and Shinagawa et al. [2007], further i "\' ‘~‘>~§; N

extended to 3-D by Dr. Matsumura. The dynamics and chemistry w0, .~ /a0 L~ 0, . . J . Jp L .
are also modrﬁed particularly for the ionosphere. We inpUt the . Neutral Fluid Equations: Longitude (°E) Longitude (°E) Longitude (°E) Longitude (°E) Longitude (°E) Longitude (°E)
perturbation term into the energy equation. %

The momentum and heat are exchanged between neutral and ion, or = ~Wn VIp=p(V - un)
. . - - - 1 1
while the momentum energy loss by neutral-ion collision Is ot = ~Gn Vun = VP =g+ 2 (V- 0) ~ vyt = V1)
converted to the internal energy gain by the neutral-ion trictional 007;11_ e _;an ) % .(KVTn)_T:ifB T
heating. Both the neutral atmosphere and the I1onosphere n i g
calculations consider a nonlinear, non-hydrostatic compressible and PP
Smgle fluid model. The self-consistent |onospher|c electrodynamlc where t denotes time, p is mass density, u, is velocity vector of neutral, P is pressure, v,; is neutral-ion collision
calculation and Ampere force to 1on fluid are currently not frequency, kg is Boltzmann constant, T, is neutral temperature, c, is specific heat at constant volume, t is

considered. and the momentum equation is solved only in the field Viscosity stress tensor, « is thermal conduction coefficient, and gr is the specific energy.
aligned dir’ection  Figure (a) and (b) show 100 km and 240km altitude horizontal profile of T, N,,

and N, at 630 s, and 1200 s in two simulation cases, respectively.
2 Backgrognd_atm(_) NRLMSBE'OO’ composed 0f'O, O,, Ny, N, H, + Figure (c) and (d) view from both parallel and perpendicular to the trajectories of
and He. (ratio fixed in time). the perturbation of N, and N, at different timesteps, respectively.

The Whole Atmosphere Perturbation Model (WAPM) Is a non-
hydrostatic full fluid model solving both neutral atmosphere and
lonosphere to identify the physics originally developed by
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Concurrent observations of 1onospheric disturbances of V-shaped SAWs and CGWs triggered by a Falcon 9 rocket in 2016. The disturbances
of SAW propagated southward, while the disturbances of CGW propagated opposite way to more than 1000 km from 32°N to 40°N.

» Another launch event in 2017 shows the pronounced gigantic circular SAWSs instantaneously appeared in the ionosphere ~5 min after liftoff.
The circular shape instead of V-shape is most likely attributed to the steep ascent trajectory that acts as a point source to generate the circular
SAWS.

» Simulation results agree with the hypothesis that the pattern of i1onospheric disturbances, circular or V-shape, could be triggered by the
different orbit insertions. Besides, the cosine angle relationship of actual SAWSs and horizontal circular SAWs velocities Is confirmed by the
vertical disturbance profiles along the specific longitude and latitude.

» The process of CGWs occurrences at the JASON-3 case will be discussed by further model simulations.

2018 CEDAR Workshop, 25-29 June | Contact: Mitchell Shen, uniecoaass@gmail.com; Charles Lin, charles@mail.ncku.edu.tw. | Acknowledge to MoST and NSPO from TWN for funding this study.



