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Study on Four-Dimensional Evolution of Concentric
Traveling Ionospheric Disturbances After Falcon 9
Rocket Launch Using Ionospheric Tomography

Yutian Chen

Abstract—The ionospheric disturbances induced by the Falcon
9 rocket launch on 17 January 2016 were reconstructed by three-
dimensional computerized ionospheric tomography using observa-
tions from the North American global navigation satellite system
networks. The results showed that concentric traveling ionospheric
disturbances (CTIDs) occurred ~18 min after the rocket launch
and were remarkable at 200-300 km altitudes. The vertical phase
velocities of the CTIDs were consistent with the inclinations of the
U-shaped structures. At specific azimuth directions of 350°, 30°, and
105°, the estimated vertical phase velocities between 100 and 200
km altitudes were ~222.2, ~208.3, and ~242.4 m/s, respectively.
When the CTIDs propagated upward to 400-500 km altitudes, their
vertical velocities increased to ~566.7, ~966.7, and ~944.4 m/s.
CTIDs traveling northward (azimuths 350°, 30°) had periods of
~11 min. At 200 and 300 km altitudes, their horizontal phase veloc-
ities were ~309.9-323.3 and ~309.4-330.9 m/s, respectively, with
horizontal wavelengths of ~204.5-213.4 and ~204.2-218.4 km. In
contrast, CTIDs propagating eastward (azimuth 105°) displayed a
period of ~15 min. At 200 and 300 km altitudes, their horizontal
phase velocities were ~223.2 and ~241.1 m/s, respectively, with
horizontal wavelengths of ~200.9 and ~217.0 km. These CTIDs
propagation characteristics agreed well with the theory of gravity
waves.

Index Terms—Concentric traveling ionospheric disturbances
(CTIDs), Falcon rocket, global navigation satellite system
(GNSS), ionosphere, three-dimensional computerized ionospheric
tomography (3-DCIT).

1. INTRODUCTION

HE transport of momentum and energy in the lower atmo-
T sphere can affect the ionosphere, such as the hit of the rising
plume on the top of the troposphere in meteorological events
[11, [2], [3], [4], [5], and atmospheric wave modes excited by
the coupling of the hydrosphere and lithosphere with the lower
atmosphere in geological disasters [6], [7], [8]. These energies
can leak from the troposphere to the thermosphere at certain
frequencies to influence the distribution of electron density (Ne)

Manuscript received 17 June 2023; revised 11 October 2023; accepted 28
October 2023. Date of publication 1 November 2023; date of current version
23 November 2023. This work was supported in part by the National Natural
Science Foundation of China under Grant 42104009, and in part by the China
Postdoctoral Science Foundation under Grant 2022M720988. (Corresponding
author: Dongjie Yue.)

The authors are with the School of Earth Sciences and Engineering, Ho-
hai University, Nanjing 211100, China (e-mail: chenyt@hhu.edu.cn; yue-
dongjie@hhu.edu.cn; czzhai@hhu.edu.cn).

Digital Object Identifier 10.1109/JSTARS.2023.3329203

, Dongjie Yue

, and Changzhi Zhai

and excite ripples with different scales. Thus, the traveling iono-
spheric disturbances (TIDs) are considered as the manifestation
of the dynamics induced by propagating thermospheric waves
[9]. In addition to natural events, human activities, such as rocket
and spacecraft launches, can also generate strong exhaust plumes
during their ascent that excite atmospheric acoustic disturbances
and induce TIDs in the ionosphere [10], [11].

Early studies on the impact of rocket launch processes on the
ionosphere primarily relied on sparse land-based observation se-
quences to probe perturbation information. For instance, during
the Apollo 14 launch, the vertically detected plasma frequencies
from Red Hill Station demonstrated continuous compression or
undulation [10]. Noble [12] observed long-distance propagation
TIDs with periods of 15—75 min in the ionosphere during the
launch of the STS-4 space shuttle using the incoherent scattering
radar. Jacobson and Carlos [13] employed Doppler sounders to
observe acoustic and buoyancy waves resulting from the initial
explosion and subsequent buoyancy rise, respectively, during
three space shuttle launch events from 1990to 1991. Lietal. [14]
investigated the effect of shock waves from the main engine
burn of a space shuttle on the ionospheric electron density using
line-of-sights (LOSs) from a very-long-baseline interferometer.
Calais and Minster [11] first used total electron content (TEC)
sequences obtained from global positioning system (GPS) ob-
servations during the STS-58 space shuttle launch to report
the GWs induced disturbances lasting 35 min with period of
less than 10 min. This demonstrated the feasibility of GPS
observations in detecting ionospheric disturbances induced by
such events. However, these studies only revealed the linear and
spectrum characteristics of the disturbance due to the limitations
of stations and observation LOSs, and the spatial characteristics
of the disturbance are difficult to be described in detail.

In recent years, with the development of worldwide global
navigation satellite system (GNSS) receiver networks, the iono-
spheric sounding technology based on mutifrequency observa-
tion can accurately acquire ionospheric TEC and reflect the spa-
tial characteristics of the ionosphere by rich ionospheric pierce
points (IPPs) [15], [16], [17]. Simultaneously, the increasing
number of rocket launch activities provided opportunities for
studying the induced ionospheric disturbances [18], [19], [20].
Ding et al. [21] used China’s dense GNSS networks to report
the ionospheric response to the Shenzhou-10 launch on 11
June 2013, and detected long-range propagating shock waves
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and acoustic waves. Kakinami et al. [22] observed V-shaped
ionospheric disturbances propagating at 1.8-2.6 km/s caused
by North Korea’s missile launch on 12 December 2012 using
a nearby GNSS network. In study of Lin et al. [23], a similar
V-shaped feature was also captured ~5 min after the Falcon 9
rocket launch on 17 January 2016, and remarkable concentric
traveling ionospheric disturbances (CTIDs) were observed in
the subsequent evolution. Similarly, Chou et al. [24] observed
northward propagating TIDs with a period of ~6—8 min after
the launch of the SpaceX Falcon Heavy rocket on 6 February
2018, with horizontal phase velocities of ~420-488 and hor-
izontal wavelengths of ~164-240 km. These studies showed
nice wave-like disturbances, but the vertical propagation and
3-D structure of ionospheric disturbances were still not well
described since the limitations of TEC by the single-layer model
(SLM). Furthermore, synchronous information on the horizontal
and vertical propagation of TIDs is essential for understanding
the relationships between atmospheric wave modes and TIDs,
as well as ion-neutral coupling processes.

Three-dimensional computerized ionospheric tomography
(3-DCIT) can use the slant TEC (STEC) information contained
in the GNSS signals to reconstruct the 3-D electron density
distribution and provide critical spatial-temporal features on
the evolution of ionospheric disturbances, compensating for
the lack of vertical description by SLM [25], [26], [27]. For
example, Ssessanga et al. [28] used ionospheric tomography for
the first time to quantify the horizontal and vertical structure
of the electron density during nighttime medium-scale trav-
eling ionospheric disturbances. In the investigations of 2011
Japan Tohoku earthquake [29] and the 2015 Nepal earthquake
[30], ionospheric tomography was employed to determine the
altitudes and 3-D propagation parameters of earthquake in-
duced ionospheric disturbances, enabling a better understanding
of the lithosphere—atmosphere—ionosphere coupling processes.
Moreover, Chen et al. [31] reported detailed information on
the horizontal and vertical evolutions of CTIDs excited by
GWs during Hurricane Matthew, demonstrating ionospheric
tomography as an effective tool for ionospheric disturbance
detection.

This article employed 3-DCIT with detrended STEC (dSTEC)
to reconstruct ionospheric disturbances that were induced by the
Falcon 9 rocket launch on 17 January 2016. The reliability of the
method was verified. The 3-D characteristics of the disturbances
were analyzed, including their propagation velocities and wave-
lengths in different directions and altitude planes. In addition,
the generation and evolution of disturbances were discussed in
conjunction with the theory of GWs.

II. THEORY AND METHODOLOGY

The STEC observations are obtained by precise point po-
sitioning technology [15], [32]. They can be described as the
integral of electron density along the LOS path between a
satellite and a receiver. When the ionosphere is divided into
voxels (i.e., grid cells limited by longitude x latitude x altitude)
with uniform electron density [29], the STEC can be expressed
as a polynomial function of the voxel intercepts, and formulated

as a system of linear equations with the matrix form, as follows:

STEC N
mel = Amxn : Xn>(<>1 + Emx1 (1)

where m and n are the number of STEC and voxels, respec-
tively; Y5 TEC indicates the STEC vector; A, , represents the
intercept matrix; vector X2, contains the electron density of
voxels; and &,,,1 is the error vector of measurements.

The Butterworth bandpass filter is used to remove the iono-
spheric background trend to obtain the dSTEC sequences that
reflect ionospheric disturbances [21], [33], [34]. If dSTEC can
be represented as the integral of electron density disturbances
(dNe), then (1) can be modified as follows:

TE N
Yn(isxl ©= Amxn - ngi + demxa (2)
where Y45TEC stands for the dSTEC vector; X IN§ represents

the distribution of dNe in voxels; and de 1 is the error vector
of dSTEC observations.

In addition, the improved constrained simultaneous iterative
reconstruction technique (ICSIRT) is used to resolve (2) to
obtain the dNe of the voxel iteratively [27]. This algorithm can
use the average of all LOS corrections in a voxel to modify each
voxel in an iteration, which avoids the influence of LOS ordering
on correction and makes the amount of correction received by
voxels more statistical. In the (k+1)th iteration, the jth voxel is
modified as follows:
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SRRETRES SN (5 P
i=1 q=1

2 )
— 3)
X Al
q= 1,

where k is the iteration number; x;% is the electron density in the
Jjth voxel after the kth iteration; P indicates the number of LOSs
traversing the jth voxel; y; is the dSTEC along the ith LOS; O
stands for the number of voxels traversed by the ith LOS; A; ,
represents the intercept of the ith LOS in the gth voxel; and X is
the iteration relaxation factor defined between 0 and 1.

In this article, excessive iterations are not conducive to the
reconstruction of dNe due to its small amplitude. Conversely,
a larger relaxation factor helps in preserving the perturbation
features more effectively. Therefore, the number of iterations
(k) is 10 and the relaxation factor (1) is set as 1. The ionosphere
of the western continental USA (25-45°N, 130-110°W) is re-
constructed using voxels with a resolution of 0.25° x 0.25° x
10 km and the NeQuick2 model is used for dNe assignment.

III. OBSERVATIONS

A. GNSS Observations

Fig. 1 presents the ionosphere’s reconstruction region ad-
jacent the launch site Vandenberg Air Force Base (34.63°N,
120.61°W, California, USA). To explore the ionospheric oscil-
lations that ensued following the launch of the Falcon 9 rocket
on 17 January 2016, a comprehensive analysis was conducted
employing data from more than 1200 GNSS stations located
within this zone. The rinex data were gathered by the GNSS
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Fig. 1. Distribution of GNSS stations in the reconstructed region is marked

with black dots; the ionosondes PA836 and IF843 are marked with magenta and
purple diamonds, respectively; the four arrows indicate the IPP trajectories; the
yellow cross marker and the yellow dashed line indicate the rocket launch site
and the rocket trajectory, respectively.

network of the National Oceanic and Atmospheric Adminis-
tration (https://geodesy.noaa.gov/CORS) and the Scripps Orbit
and Permanent Array Center (ftp://garner.ucsd.edu), enabling
the calculation of STEC with a time resolution of 30 s. The
ionosphere height was fixed at 350 km altitude and the LOS
elevation angle was limited to 30° to mitigate the impact of
multipath propagation. Four consecutive IPP trajectories were
analyzed to determine the frequency range of ionospheric dis-
turbances, and two ionosondes (PA836, IF843) were utilized to
provide electron density profiles.

B. Solar and Geomagnetic Conditions

Fig. 2 shows the geomagnetic and solar activity indexes from
14 to 18 January 2016. The rocket launch day is indicated by
a shadow, and the launch time (18:42 UT) is marked by a ma-
genta dashed line. During this period, the F10.7 index remained
relatively constant, the Dst index consistently exceeded —25
nT, and Kp values consistently remained below 3. Significantly,
on the day of the rocket launch, the Kp index exhibited values
below 2, indicating a stable solar-terrestrial environment with
no noticeable impacts on the ionosphere.

IV. RESULTS

A. GNSS dSTEC Sequences

Fig. 3 depicts the detrending process of the STEC sequences
from the four IPP trajectories shown in Fig. 1. The time-
frequency relationships corresponding to the STEC sequences
are obtained using the wavelet transform [31], [35]. The results
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Fig. 2. F10.7, Dst, and Kp indices from 14 to 18 January 2016. The shadows

mark the geomagnetic indices on the day of the rocket launch, while the magenta
dashed lines indicate the moment of the rocket launch.

of spectrum analysis show that the significant power enhance-
ment occurs at 19:00-19:30 UT, slightly later than the launch
time. This delay is due to the time required for energy transfer
from the lower atmosphere to the ionosphere and its impact on
the electron density distribution [21], [24]. The amplitude of
the ionospheric disturbance ranges from 0.15 to 0.25 TECU (1
TECU = 10'6 el/m?). It appears within the frequency range of 1—
2 mHz and has negligible extension to other frequency domains.
The dSTEC sequences clearly display wave-like characteristics,
which may be caused by the atmospheric waves induced by the
rocket launch.

B. 3-DCIT Reliability Verification

As shown in Fig. 4, the electron density profiles provided by
ionosondes PA836 and IF843 are used to verify the dependability
of the ICSIRT. The hmF2 height obtained by the ICSIRT is ~250
km, which is highly consistent with the ionosonde observations.
The reconstructed electron density profiles with a peak of ~6-8
x 10" el/m?, which agree well with the electron density values
probed by the ionosondes, indicating the good reliability of the
algorithm. In addition, the large geographical span of the two
ionosonde locations suggests that ICSIRT has good applicability
in the reconstructed region.

To further validate the reliability of dNe, the voxels’ dNe along
the LOS are used to reconstruct dSTEC in the path. In contrast
to 3-DCIT, which utilizes the intercepts of multiple LOSs within
a voxel to obtain the dNe distribution, this method employs the
dNe values of voxels along the LOS to invert dSTEC. Due to
a completely different mapping relationship, it can be used to
verify the accuracy of dNe contained within the voxels.
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Due to significant variations in the cutoff angles, the LOSs of
satellite G14, as well as other satellites, only contribute to the re-
construction during certain moments. Thus, Fig. 5(a) exclusively
compares the detected dSTEC and CIT reconstructed dSTEC
(CIT-dSTEC) sequences for the satellite G22. The difference
between CIT-dSTEC and the dSTEC is small, and it can well
reflect the wave-like characteristics of the disturbances between

19:00 UT and 19:30 UT. This is crucial for capturing the positive
and negative phases of the TIDs. Fig. 5(b) presents the statistical
results of the bias between CIT-dSTEC and dSTEC for all LOSs
from 18:00 to 21:00 UT. The bias values exhibit a nice Normal
distribution, mainly concentrated within +0.05 TECU. The root
mean square error [36] is calculated as 0.052 TECU, which is
relatively small compared to the perturbation amplitude of 0.25
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Fig. 5.
CIT-dSTEC; and (c) correlation plot between dSTEC and CIT-dSTEC.

TECU. In addition, the Pearson correlation coefficient [17] in
Fig. 5(c) achieves 0.742, indicating a strong correlation between
CIT-dSTEC and actual detection results. These statistics show
that 3-DCIT can effectively reflect the ionospheric disturbances
before and after the Falcon 9 rocket launch, and can be used to
detect the 3-D characteristics of TIDs.

C. 4-D Evolution of CTIDs

Fig. 6 exhibits dNe slices at altitudes ranging from 100 to 400
km, derived from ionospheric tomography results that involve
dSTEC obtained from a 1-2 mHz bandpass filter. The positive
and negative phases of ionospheric disturbances appear at 100
km altitude and tend to fade away at 400 km altitude. These
disturbances exhibit the largest amplitude of ~0.03 x 10'! el/m3
at 200 km altitude and display perfect concentric rings (i.e.,
CTIDs). Specifically, at 19:15 UT, the CTIDs are most remark-
able and can propagate northward to regions beyond 40°N,
while the eastward propagating CTIDs rapidly dissipate. Similar
horizontal structures were captured in some meteorological [33],
[37] and geological [38] events and considered to be dominated
by atmospheric gravity waves (GWs). Furthermore, it is worth
noting that no apparent wave-like structures were captured on the
100 km altitude slice at 19:25 UT, suggesting that the excitation
source in the lower atmosphere may have dissipated. As shown
in Lin et al. [23], the Falcon 9 rocket reached an altitude of 200
km just 6 min after launch.

20:30

05 0 05 1
CIT-dSTEC (TECU)
(c)

21:00 1

(a) Comparison between the observed dSTEC and the CIT reconstructed dSTEC (CIT-dSTEC); (b) histogram of bias statistics between dSTEC and

To investigate the spatiotemporal evolution of the CTIDs, the
ionosphere in the reconstructed region is sliced along three direc-
tions, as depicted in Fig. 7. These directions with azimuth angles
of 350°, 30°, and 105° are defined with respect to the reference
point (—120, 33), which locate near the rocket trajectory and
approximately at the center of the CTIDs. The selection of these
profiles considers the angles between the propagation directions
of TIDs and the Earth’s magnetic field lines. They are chosen to
ensure remarkable disturbances are detected while maximizing
the differences in angles with respect to the magnetic field. The
dashed line represents an equidistant line 600 km away from the
reference point, as the CTIDs start to break beyond this distance.
The white dots are vertical profile points placed at the three
directions abovementioned to record the vertical propagation
parameters of CTIDs at 100-800 km altitudes.

In practical calculations, if the reference point has coordinates
(Xo, Y,) and any point along a profile is denoted as (X;, Y;), then
its distance from the reference point can be indicated as D =
(R+H) * arccos (sin(Y,) * sin(Y;) 4+ cos(Y,) * cos(Y;) * cos(X;
—X,)), where R is the Earth’s radius and H is the altitude of the
point. Therefore, the horizontal phase velocity of the CITDs, V,
= AD/ At, where AD represents the change in distance relative
to the reference point during the time interval At. Similarly, the
vertical phase velocity, V, = AH/At, where AH represents the
change in height within Az. The disturbance wavelength, A = T
x V, where T is the disturbance period (i.e., the duration of a set
of positive and negative disturbances).
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The time—distance—disturbance relationships at altitudes of
200 and 300 km are analyzed, as illustrated in Fig. 8. The
results reveal that while the phase velocities and wavelengths
of the disturbances show slight variations in the same direction
at different altitude slices, the eastward and northward prop-
agating CTIDs exhibit great differences. For instance, CTIDs

propagating in the 30° direction exhibit comparable horizontal
phase velocities and wavelengths at 200 km (309.9 m/s, 204.5
km) and 300 km (309.4 m/s, 204.2 km) altitudes. However, the
horizontal phase velocities of northward propagating CTIDs are
significantly larger than those of eastward propagating CTIDs.
Especially, CTIDs in the 350° direction demonstrate horizontal
phase velocities of 323.3-330.9 m/s and horizontal wavelengths
of 213.4-218.4 km, which are much greater than those in the
105° direction with horizontal phase velocities of 223.2-241.1
m/s and horizontal wavelengths of 200.9-217.0 km. In addition,
these horizontal phase velocities are comparable to those de-
tected by Lin et al. [23] using subionospheric points (SIPs) at
an altitude of 200 km (~241-348 m/s).

Fig. 9 gives the distance—altitude profiles of ionospheric dNe
along the three directions at 19:15 UT. The CTID’s positive and
negative phases are concentrated between altitudes of 100-500
km. The CTIDs propagating northward (Az: 350° and 30°) can
travel to 600 km away from the reference point, with significant
phase disturbances at ~200—400 km. Nevertheless, the eastward
propagating CTIDs reach only ~400 km from the reference
point, with significant phase disturbances at ~50-250 km. The
black dashed lines illustrate the vertical structure of the CTIDs.
Unlike the upside-down cone shape reported in some studies
[29], [39], these CTIDs exhibit a U-shape with the inclination
increases with altitude. This phenomenon may be due to differ-
ent phase velocities of GWs at different altitudes. As shown in
Fig. 9, the inclination angles of the CTIDs for the three directions
(Az: 350°, 30°, and 105°) are ~28.8°-57.9°, 12.5°-72.2°, and
29.1°-68.9°, respectively.
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Time—distance—dNe plots at 200 km altitude for azimuths: (a) 350°, (b) 30°, (c¢) 105°, and at 300 km altitude for azimuths; (d) 350°, (e) 30°, and (f) 105°.

The slope of dashed arrows shows the horizontal phase velocities of the disturbances, with corresponding periods and horizontal wavelengths indicated.
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their altitude-dependent inclinations.

Fig. 10 shows the time-altitude—disturbance relationships
recorded by the profile points in the three abovementioned
directions. The CTIDs appear during 19:00-20:00 UT, showing
downward phases. This is because GWs induced TIDs have a
longer propagation time at higher altitudes and are captured
earlier by the vertical profile points. Notably, the phase veloc-
ities of these disturbances are smaller at lower altitudes and
increase at higher altitudes. For instance, at the profile point
—118.5, 35 in the direction of azimuth 30° (i.e., —188.5, 35 &
Az: 30°), the vertical phase velocity of CTIDs is ~208.3 m/s
at altitudes of 100-200 km and reaches ~977.6 m/s at 400-500
km altitudes. When combined with the inclination information
provided in Fig. 9, it appears that the vertical phase velocities of
CTIDs increase with their vertical inclination angles. In addition,
the northward-propagating CTIDs (profiles at —120.5, 36, and
—118.5, 35) have an intrinsic period of ~11 min, while the

Vertical dNe slices in three azimuthal directions: (a) 350°, (b) 30°, and (c) 105° at 19:15 UT. The dashed lines indicate vertical disturbance structures and

eastward-propagating CTIDs (profiles at —118, 32.5) exhibit
a period of ~15 min, with their corresponding vertical wave-
lengths being ~137.5-657.8 and ~218.2-849.9 km, respec-
tively.

V. DISCUSSIONS

The interaction between the rocket’s exhaust plume and the
ionospheric plasma after a rocket launch through dissociative
recombination can induce ionospheric depletion, which con-
tributes to the formation of ionospheric holes [40], [41]. The
ionospheric holes exhibit significant differences in scale, mag-
nitude, and period compared to TIDs induced by GWs. On 16
January 2016, Savastano et al. [42] detected remarkable iono-
spheric holes using geosynchronous Earth orbit satellites after
the Falcon 9 rocket launch, with the TEC decreased ~6 TECU.
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Vertical phase velocities of dNe at three profile points: (a) —120.5°, 36°, (b) —118.5°, 35°, and (c) —118°, 32.5°. The solid lines indicate the vertical

phase velocities of disturbances at altitudes between 100 and 200 km, and the dashed lines indicate the vertical phase velocities between 400 and 500 km altitudes.

However, spectrum analysis in Fig. 3 indicates that the amplitude
of CTIDs induced by GWs is ~0.25 TECU, distinguishing them
from the impact of ionospheric holes. Furthermore, the TEC
drop of ionospheric hole can last for hours, which is much longer
than the period of the TIDs in this event. Therefore, the 3-DCIT
reconstruction results did not capture ionospheric holes after the
rocket launch.

The magnetic declination in the west coast of the USA is
~10°, inclined downward at ~60°. The directions of 350° and
30° azimuths are at a smaller angle to the Earth’s magnetic field
lines than that of 105° azimuth direction. Due to the high conduc-
tivity along the Earth’s magnetic field lines, electrons and ions
in the ionosphere can propagate rapidly along the magnetic field
lines, while the propagation perpendicular to the magnetic field
lines is much more difficult [43]. This resulted in the northward
propagating CTIDs taking faster horizontal phase velocities and
traveling further away than those propagating eastwards. Simi-
larly, following the eruption of the Tonga volcano in 2022, TEC
observations captured much greater horizontal phase velocities
of TIDs over New Zealand than Australia due to the excellent
conductivity parallel to the direction of the Earth’s magnetic
field [34].

Generally, when initial GWs have long wavelengths and weak
amplitudes, and are weakly filtered by background winds, GW's-
excited TIDs can exhibit a concentric ring structure in the iono-
sphere [44]. Otherwise, they tend to dissipate in the mesosphere
and lower thermosphere (MLT). For example, CTIDs induced by
Typhoon Meranti had an amplitude of ~0.2 TECU and horizon-
tal wavelengths of ~160-200 km [33], and Hurricane Matthew
generated CTIDs with an amplitude of ~0.15 TECU and a
horizontal wavelength of ~276 km [31]. In the current event,
the amplitudes and horizontal wavelengths of the ionospheric
disturbances excited by the Falcon rocket were comparable to
those in the above cases, allowing for the formation of concentric
ring structures. Notably, the intrinsic periods of northward prop-
agating CITDs differ from those of eastward propagating CTIDs,
suggesting distinct excitation sources. Although the ignition of
the second-stage rocket may be a contributing factor [23], it is
still necessary to consider the potential role of secondary waves

in the CTID structure induced by the acceleration of neutral wind
due to local body forces [45], [46].

Unlike the SIPs at 200 km altitude adopted by Lin et al. [23],
the ionospheric SLM is generally set as 300450 km altitudes
[47], [48]. Fig. 11 shows the vertical TEC disturbances (dVTEC)
on the IPPs at 350 km altitude obtained by satellites G14 and
G22. The time—distance—disturbance relationships are relative
to the reference point (—120, 33). At ~19:00-19:30 UT, re-
markable ionospheric disturbances are captured at ~200-400
km away from the reference point, which is consistent with the
dNe reconstruction results in Fig. 8. The SLM is influenced
by the Earth’s curvature radius. When dSTEC is projected as
dVTEC, TIDs at higher altitudes propagate over longer dis-
tances, leading to a larger estimated horizontal phase velocity.
This is due to the intrinsic period of GWs remaining constant
after excitation. Therefore, in this article, the horizontal phase
velocities of CTIDs identified by dVTEC are slightly faster than
those observed in the dNe slices at 200 and 300 km altitudes.
However, the altitude of the F2 layer (hmF2) is actually ~250
km (cf. electron density profiles in Fig. 4), and the SLM over-
estimates the horizontal phase velocity of the CTIDs, resulting
in marginally longer horizontal wavelengths. The 3-DCIT can
make slices at different ionospheric heights to compensate for
the limitations of SLM. In Fig. 8, the horizontal phase velocities
and amplitudes of the CTIDs at 200 and 300 km altitude are
different. The horizontal phase velocities at 300 km altitude
are slightly greater than those at 200 km, but the difference
between them is not significant. Similar observations were also
reported in the research of Hurricane Matthew [31]. Vadas [49]
suggested that GWs with larger horizontal phase velocities and
smaller amplitudes were more likely to propagate to higher
thermosphere. In addition, several studies indicated that higher
ionospheric altitudes with elevated neutral temperatures may
result in atmospheric waves induced TIDs to exhibit larger
propagation velocities [29], [50].

In addition to the horizontal phase velocity of CTIDs, 3-DCIT
also captured their vertical phases. The vertical slices of dNe
show U-shaped structures and are typically observed at lower
ionospheric altitudes. Similarly, the simulations of Lamb waves
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Fig. 11.

(a) dVTEC on the IPP trajectories at 350 km altitude for satellites G14 and G22. Arrows indicate the direction of IPP trajectory motion, and the red

cross markers indicate the reference point (—120, 33). (b) Time—distance—dVTEC plots relative to the reference point. Dashed arrows show the horizontal phase
velocities of the disturbances, with corresponding periods and horizontal wavelengths indicated.

induced by the 2022 Tonga volcano eruption indicate that the
vertical phase of CTIDs exhibits a remarkable outward tilt
above 300 km altitude [51], [52]. As GWs travel upwards, the
acceleration of the background wind due to dissipation increases
the phase velocities. However, as the velocities increase, GW's
spend less time in the background, leading to a reduction in dissi-
pation and a suppression of acceleration, resulting in a U-shaped
structure. In Fig. 9, the inclination changes of the disturbances
are small at altitudes of 200 and 300 km, making the differences
in the estimated horizontal phase velocities not significant.
Like horizontal phase velocity, the vertical phase velocity of
GWs also increases since the neutral temperature increases
significantly with altitudes. Moreover, the GWs can also exhibit
self-acceleration behavior in the vertical direction [53], causing
CTIDs at higher altitudes to have larger vertical phase velocities,
as seen in Fig. 10. This observation is consistent with the radar
plot of postsunrise GW induced ionospheric perturbations in
Zhang et al. [9], which also reveals similar vertical velocity
differences. When the vertical acceleration is much greater than
the horizontal acceleration, it is more conducive to the formation
of U-shaped structures. In addition, the propagation of GWs to
MLT and higher altitudes depends on their amplitudes, scales,
phase velocities, as well as the prevailing wind and temperature
fields. Fritts et al. [54] suggested that GWs with small phase
velocities and vertical wavelengths may experience unfavorable
wind fields and critical layers, resulting in dissipation at lower
altitudes. In Fig. 10, it is observed that CTIDs in the 30° and
105° azimuths directions exhibit larger vertical wavelengths and
propagate to higher altitudes. However, the evolution of GWs
is influenced by multiple factors and is a complex process. The
coupling process of neutral atmospheric oscillations from the

troposphere to the mesosphere, then to ionosphere still needs
to be described by comprehensive observation and simulation
data.

Furthermore, the possibility of incorporating GNSS radio
occultation (GNSS-RO) data into 3-DCIT modeling to comple-
ment ground observations was explored. However, compared to
the continuous 30-s interval sampling of GNSS ground-based
observations, the shorter sampling duration poses challenges
when using a bandpass filter to capture the TIDs. As the mea-
surement time of GNSS-RO STEC profile is ~1-2 min, which
is much shorter than the periods (~11-15 min) of GWs-induced
TIDs [55], [56]. Some studies utilized the constellation observ-
ing system for meteorology, ionosphere, and climate [57] or
broadband emission radiometry temperature profiles [58] only
to detect 1-D ionospheric disturbances but could not obtain 3-D
TIDs with wave characteristics due to the lower spatial and
temporal resolutions.

VI. CONCLUSION

This article investigated the 4-D evolution of CTIDs induced
by the Falcon 9 rocket launch on 17 January 2016 using 3-DCIT
involving dSTEC as follows.

1) Remarkable ionospheric disturbances were detected ~ 10—
20 min after the rocket launch. Spectral analysis of GNSS
observations indicated that the disturbances had frequen-
cies of 1-2 mHz and amplitudes of 0.15-0.25 TECU.

2) These disturbances present nice concentric rings, which
were prominently observed between altitudes of 200 and
300 km. The northward propagating CTIDs had larger
horizontal phase velocities (~309.9-323.3 m/s at 200 km
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altitude, ~309.4-330.9 m/s at 300 km altitude) than east-
ward propagating CTIDs (~223.2 m/s at 200 km altitude,
~241.1 m/s at 300 km altitude).

The CTIDs exhibited U-shaped structures in their vertical
profiles, with inclination angles corresponding to the ver-
tical phase velocities. Between altitudes of 100-200 km,
the vertical phase velocities of CTIDs ranged from ~208.3
to ~242.4 m/s, while at altitudes exceeding 400 km, the
vertical phase velocities reached ~566.7-944.4 m/s.

Such CTID spatiotemporal characteristics can be incorpo-
rated into the GW theory to understand the relationship be-
tween the troposphere and ionosphere, as well as the ion-neutral
coupling processes. In future articles, independent observations
of the lower atmosphere are still necessary to provide a com-
prehensive evolution process of GWs. Meanwhile, during the
iterative process of 3-DCIT, integrating observations from low
Earth orbit satellites, cubesats, and ionosondes to provide more
reliable initial values is a promising method for improving the
reconstruction accuracy.
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