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Abstract. Using GPS dual-frequency observations collected
by continuously operating GPS tracking stations in China,
superimposed disturbances caused by the integrated action
of spacecraft’s physical effect and chemical effect on iono-
sphere during the launches of the spacecrafts Tiangong-1
and Shenzhou-8 in China were firstly determined. The re-
sults show that the superimposed disturbance was composed
of remarkable ionospheric waves and significant ionospheric
depletion emerged after both launches. Meanwhile, we found
for the first time that the ionospheric waves were made up of
two periods of wave by wavelet analysis. The first period of
~ 4 min shows one event in the near stations and two sub-
events in the few far stations. The second period of ~ 9min
shows only one event in all the observed stations. Finally,
the time characteristics for ionospheric waves and depletions
were examined.

Keywords. lonosphere (ionospheric disturbances)

1 Introduction

lonospheric disturbances were observed during spacecraft
launches by various traditional ionospheric observation tech-
niques such as ionosonde, incoherent scatter radar, doppler
sounder etc. since the early 1960s (Booker, 1961; Felker and
Roberts, 1966; Mendillo et al., 1975, 1987; Noble, 1990; Ja-
cobson and Carlos, 1994; Li et al., 1994; Bernhardt et al.,
1998, 2005, 2012). Chernogor and Blaunstein (2013) sum-
marized the major characteristic parameters of the observed
ionospheric effects on the basis of many space shuttle launch
cases processed using incoherent scatter and Doppler radars.

In 1996, Calais and Minster opened new perspectives in iono-
spheric perturbation detection using global positioning sys-
tem (GPS) during the launch of STS-58 space shuttle (Calais
and Minster, 1996). Afraimovich et al. (2001) used local
GPS network to determine the temporal and spatial char-
acteristics of ionospheric disturbances during carrier rocket
launches. Recently, Bowling et al. (2013) used an American
GPS network to analyze the ionospheric perturbation caused
by a space shuttle launch. They further modeled the acoustic
wave with periods of 3.3-6.6 min and with the phase speed
of ~716ms~1 by ray tracing method. Ding et al. (2014)
used a dense GPS network in China to observe the shock and
acoustic waves generated during the launch of the Shenzhou-
10 spacecraft. Long-distance propagation shock and acoustic
waves were observed appearing on both sides of the rocket’s
trajectory with different amplitude of perturbations. These
observed disturbances attributed to acoustic waves or shock
waves, which are caused by the spacecraft’s physical effect
characterized by considerably different horizontal velocities
and periods.

In addition to the wave disturbances in the ionosphere, an-
other important phenomenon called ionospheric electron de-
pletions or ionospheric holes caused by the gaseous exhaust
stream from rocket has been observed by dense GPS net-
work in different regions (Furuya and Heki, 2008; Mendillo
et al., 2008; Ozeki and Heki, 2010; Nakashima and Heki,
2014). These observed ionospheric TEC depletions attributed
the generation mechanism to the chemical reactions be-
tween rocket exhaust gases and charged particles (electrons
and ions) of ionosphere, emerging about 6-10 min after the
launches and lasting about ~ 30-50 min.
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Furthermore, Kakinami et al. (2013) utilized three dense
local GPS networks of Japan, Taiwan, and Korea to observe
the ionospheric disturbances induced by the Unha-3 launch.
A new type of ionospheric disturbance named V-shaped
disturbance was observed at a height of ~400km. The
phase velocities of this disturbances were 1.8-2.6kms™1,
which is larger than the velocity of acoustic waves re-
ported in previous studies. Lin et al. (2014) observed also
V-shaped TEC perturbations with periods of 100-600s and
velocities between 800-1200m s~ for the 2009 North Ko-
rea’s Taepodong-2 and 2013 South Korea’s Korea Space
Launch Vehicle-I1 rocket launches. These disturbances were
attributed to shock waves generated by the rocket’s propul-
sive blasts.

Prior works suggested that the ionospheric perturbations
caused by spacecraft launches are complex. On the one
hand, most of the previously observed disturbances were in-
terpreted on the basis of a single phenomenon. However,
the ionospheric disturbances triggered by spacecraft launch
should be an integrated result of spacecraft’s physical effect
and chemical effect rather than a single effect. In this paper,
we first reported the superimposed ionospheric disturbance
associated with the integrated action of ionospheric waves
caused by the spacecraft’s physical effect and ionospheric
TEC depletions caused by the spacecraft’s chemical effect
during the launches of China’s spacecrafts Tiangong-1 and
Shenzhou-8 in 2011.

On the other hand, the zero-phase filtering method is al-
ways used to calculate the waves in ionosphere. Although
this method can determine the general behavior of distur-
bances, it lacks the ability to zoom in and look at some of
the finer time-frequency characteristics of the disturbed time
series characterized by non-linearity and non-stationarity.
Wavelet analysis is a highly effective tool for analyzing non-
stationary signals (Mallat, 2008; He et al., 2012). Its prop-
erty of being localized in time and frequency provides a local
time-frequency map of a signal, which can enable the extrac-
tion of features varying over time and frequency. For this rea-
son, the ionospheric perturbations produced by the launches
of Tiangong-1 and Shenzhou-8 in 2011 are investigated with
continuous wavelet transform. More detailed time-frequency
characteristics of ionospheric waves with two key disturbed
periods caused by the spacecraft’s physical effect were re-
vealed firstly by wavelet method in this paper.

2 Launches of Tiangong-1 and Shenzhou-8

At 13:16:03 universal time (UT) on 29 September 2011 (day
of year, DOY = 272), China’s first space lab Tiangong-1 was
launched from Jiuquan Satellite Launch Center (JSLC) in
Gansu Province by the Long March-2FT1 carrier rocket.
According to the China National Space Administration
(CNSA), Tiangong-1 is an 8506 kg space laboratory mod-
ule, capable of supporting the docking of manned and au-
tonomous spacecraft. One month later, Shenzhou-8, with to-
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tal mass of 8082 kg, was launched at 21:58:10 UT, 31 Oc-
tober 2011 (DOY = 304), from the same launch center on-
board the Changzheng 2F-Y8 carrier rocket to dock with
Tiangong-1. Figure 1 shows the observational geometry dur-
ing the launches of Tiangong-1 and Shenzhou-8 from JSLC.
The Tiangong-1 and Shenzhou-8 launch track over ground
are indicated. It can be seen that the two spacecrafts had al-
most the same launch orbit.

Two three-station GPS arrays and one IGS station were
used to monitor the ionospheric disturbances caused by
spacecraft launches in this study. The pink diamonds mark
these seven GPS stations in Fig. 1, they were divided into
three observation regions including observation region A
(G004, G005, G006), observation region B (G001, G002
G003) and observation region C (XIAN). The blue and red
lines show the trajectories of sub-ionospheric points for GPS
satellite 5 and 16 at an altitude of 200 km for Tiangong-1 and
Shenzhou-8, respectively. Line-of-sight between satellite 5
(PRNO5) and the above receivers penetrate the ionosphere
near the spacecraft trajectory after the moment of the separa-
tion of the first and second stages and before the second stage
main engine cutoff and are probably to record the ionospheric
disturbance during the Tiangong-1 launch, while satellite 16
(PRN16) is probably to record the ionospheric disturbance
during the Shenzhou-8 launch.

3 GPS-TEC data processing

The phase and group delays due to the traveling of electro-
magnetic waves through a dispersive medium can be calcu-
lated by the carrier phases and pseudoranges from observa-
tions recorded on a dual-frequency GPS receiver. The pre-
cise slant total electron content (STEC) integrated along the
line of sight (LOS) can be derived from these delays at ev-
ery observational epoch (Lanyi and Roth, 1988; Mannucci
et al., 1998). Besides, the satellite and receiver instrumen-
tal biases should be considered in the STEC calculation, and
these biases are removed by the ionospheric products from
the Center for Orbit Determination in Europe (CODE) and
least squares method in this study. We take PRNO5 at GPS
station G001 as an example. Figure 2a shows the raw STEC
time series calculated from GPS dual-frequency observations
during 12:30-14:30 UT on DOY 272 in 2011.

Actually, the ionospheric perturbations include acoustic
waves and ionospheric depletions that are overlapped on the
ionospheric daily variation signals. Therefore, the following
data processing strategy was adopted to analyze the iono-
spheric disturbances caused by spacecraft launch. Firstly, an
advanced filtering method (Tarvainen et al., 2002) is initially
used to filter the raw STEC time series to separate the high
and the low frequency parts of signal by setting a cutoff fre-
quency of 12 min. Figure 2b shows the high frequency part of
signal, which corresponds to the ionospheric acoustic waves
in the signal. Figure 2c shows the low frequency part of sig-
nal, which contains the ionospheric depletion and the iono-
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Figure 1. The observational geometry during the launches of Tiangong-1 and Shenzhou-8 from Jiuquan Satellite Launch Center. The
Tiangong-1 and Shenzhou-8 launch track over ground is indicated. The black triangle shows the location of the JSLC. The blue and red
crosses represent the locations of Tiangong-1 and Shenzhou-8 at the moment of the separation of the first and second stages of the rock-
ets, respectively. The blue and red pentacles denote the locations of Tiangong-1 and Shenzhou-8 at the moment of the main engine cutoff
at the second stage, respectively. The pink diamonds mark seven GPS stations used in this study including observation region A (G004,
G005, G006), observation region B (G001, G002 G003) and observation region C (XIAN). The blue and red lines show the trajectories of
subionospheric points for GPS satellite 5 and 16 at an altitude of 200 km for Tiangong-1 and Shenzhou-8, respectively.

spheric daily variation. Then, the least square polynomial fit-
ting was used to calculate the reference curve of STEC (red
solid line in Fig. 2c) following Ozeki and Heki (2010) to re-
move the ionospheric daily variation signal. Here, we used
a fourth order polynomials to obtain the ionospheric deple-
tion caused by spacecraft launch (Fig. 2e). Finally, the Morlet
wavelet was chosen to perform continuous wavelet transform
to further analyze the finer local time-frequency characteris-
tics of the ionospheric waves (Torrence and Compo, 1998;
He et al., 2014). Figure 2d shows the local wavelet power
spectrum of the high frequency part of filtered STEC time
series, which indicated two key disturbed periods of wave in
the signal.

4 lonospheric disturbances

4.1 lonospheric waves caused by Tiangong-1 and

Shenzhou-8 launches

Figure 3a shows the high frequency part of ionospheric
STEC for satellite PRNO5 of all the seven GPS stations on
the day of Tiangong-1 launch (DOY = 272) in three observa-
tion regions A, B and C. It can be seen that clear ionospheric
perturbations appeared in all the stations after Tiangong-
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1 launch. In order to further identify and describe the lo-
calized temporal and periodic variations of the ionospheric
perturbations excited by spacecraft launch, the continuous
wavelet transformation with Morlet wavelet is applied to
examine these time series of ionospheric perturbations in
Fig. 3a. Figure 3b, c and d present the local wavelet power
spectrum of GPS stations G005, G002 and XIAN for satel-
lites PRNO5, respectively. Two significant disturbed periods
appeared clearly on the spectrograms several minutes after
launching Tiangong-1 in observation regions B and C. The
period interval of the smaller one is ~ 2—4 min, while the pe-
riod interval of the larger one is ~ 6-12 min. Actually, little
disturbance of the small periods also can be seen in observa-
tion region A.

There are some typical characteristics of the smaller pe-
riod disturbance and the larger period disturbance. On the
one hand, there exist several same features for the two kinds
of disturbance: (1) the amplitude of disturbances increase at
first and then decrease with the increase of distance; (2) the
largest disturbances occurred in observation region B for
both the two disturbed periods. On the other hand, several
different features for the two kinds of disturbances exist:
(1) the largest amplitude is different for the two disturbed pe-
riod, the smaller period disturbance with a larger amplitude
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Figure 2. (a) The raw STEC time series of PRNO5 at G001 station during 12:30-14:30 UT on DOY 272 in 2011, (b) the high frequency part
of filtered STEC time series by setting a cutoff period of 12 min, (c) the low frequency part of filtered STEC time series by setting a cutoff
period of 12 min (blue solid line), the red solid line indicate the reference curve calculated by least squares polynomial fitting method, (d) the
local continuous wavelet power spectrum variations of the high frequency part of filtered STEC time series, (e) the ionospheric depletion
calculated between the low frequency part of filtered STEC time series and the reference curve.

of ~ 0.53 TECU while the larger period disturbance with a
smaller amplitude of ~ 0.23 TECU; (2) it is noteworthy that
the smaller period disturbance contains two sub-events in
the farthest GPS station XIAN with a distance of ~ 500 km,
while the larger period disturbance shows only one event.
Figure 4 presents similar ionospheric disturbances for
satellite PRN16 of all the seven GPS stations on the day
of Shenzhou-8 launch (DOY = 304). Again, it can be seen
that two disturbed periods with strong activity emerged af-
ter launching Shenzhou-8. For the higher frequency distur-
bances in Fig. 4a, c and d, it shows that significant two
sub-events fluctuations appeared during the observation pe-
riod, the first sub-event shows a period interval of 2—4 min.
The second sub-event excited by Shenzhou-8 has a wider
period interval of 1-4 min. Aside from the two higher fre-
quency sub-events, a stronger low-frequency perturbation
with a period interval of 6-12 min was also observed. More-
over, the amplitude of disturbances increased at first and then
decreased with the increase of distance. The largest distur-
bances occurred in observation region B for both the two
disturbed periods. However, the largest amplitude is different
for the two disturbed period, the smaller period disturbance
with a larger amplitude of ~ 0.21 TECU while the larger pe-
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riod disturbance with a smaller amplitude of ~ 0.11 TECU.
The amplitudes of disturbance for the two disturbed periods
are smaller than that caused by Tiangong-1.

4.2 lonospheric depletions caused by Tiangong-1 and

Shenzhou-8 launches

Figure 5a shows the low frequency part of ionospheric STEC
for satellite PRNO5 of all the seven GPS stations on the day
of Tiangong-1 launch (DOY = 272) in the three observation
regions. The gray lines in Fig. 5 present reference curves.
It can be seen that remarkable ionospheric depletions oc-
curred after launching Tiangong-1 in all the observations.
The amplitude of ionospheric depletion decays with distance
from the spacecraft trajectory. The largest depletion occurred
in the nearest observation region A with an amplitude up
to ~ 1.4 TECU. Figure 5b presents the raw STEC and the
reference curves with the same time, region and satellite of
Fig. 5a. It shows that significant ionospheric disturbances ap-
peared after launching, and these perturbations are likely the
products of integrated action of a variety of wave modes and
ionospheric depletions.

www.ann-geophys.net/33/1361/2015/
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Figure 3. (a) The high frequency part of filtered ionospheric STEC
time series for satellite PRNO5 of all the seven GPS stations on
the day of Tiangong-1 launch (DOY = 272) in three observation re-
gions A, B and C by setting a cutoff period of 12 min; (b) the local
wavelet power spectrum of GPS station G005 for satellites PRNO5;
(c) the local wavelet power spectrum of GPS station G002 for satel-
lites PRNO5; (d) the local wavelet power spectrum of GPS station
XIAN for satellites PRNO5.
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Figure 4. (a) The high frequency part of filtered ionospheric STEC
time series for satellite PRN16 of all the seven GPS stations on
the day of Shenzhou-8 launch (DOY = 304) in three observation re-
gions A, B and C by setting a cutoff period of 12 min; (b) the local
wavelet power spectrum of GPS station G005 for satellites PRN16;
(c) the local wavelet power spectrum of GPS station G002 for satel-
lites PRN16; (d) the local wavelet power spectrum of GPS station
XIAN for satellites PRN16.

Similarly, Fig. 6a shows the low frequency part of iono-
spheric STEC for satellite PRN16 of all the seven GPS sta-
tions on the day of Shenzhou-8 launch (DOY = 304) in the
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Figure 5. (a) The color curves represent the low frequency part of
filtered ionospheric STEC time series for satellite PRNO5 of all the
seven GPS stations on the day of Tiangong-1 launch (DOY = 272)
in three observation regions A, B and C by setting a cutoff period
of 12 min, the grey curves represent reference curves calculated by
least squares polynomial method for the filtered ionospheric STEC
time series; (b) the color curves represent the raw ionospheric STEC
time series for satellite PRNO5 of all the seven GPS stations on
the day of Tiangong-1 launch (DOY = 272) in three observation re-
gions A, B and C, the grey curves represent also the reference curves
calculated by least squares polynomial method for the filtered iono-
spheric STEC time series.

three observation regions. The gray lines in Fig. 6 present
reference curves. It can be seen that significant ionospheric
depletions occurred in observation region A, its amplitude
reach up to ~ 1.97 TECU. What is different from the iono-
spheric depletion of Tiangong-1 is that the ionospheric de-
pletion of Shenzhou-8 does not occur in all the observation
regions. The ionospheric depletion was only observed in the
nearest observation region. Figure 6b presents the raw STEC
and the reference curves with the same time, region and satel-
lite of Fig. 6a. It can also be seen that significant ionospheric
disturbances appeared after launching, and these perturba-
tions are likely the products of integrated action of a variety
of wave modes and ionospheric depletions.

4.3 Time characteristics of ionospheric disturbances

To interpret variation features of the appearing time and last-
ing time for different types of ionospheric disturbance, we
take the Tiangong-1 as an example. Figure 7 shows the time
characteristics of the ionospheric disturbance variability af-
ter launching Tiangong-1. In the observation region A, iono-
spheric disturbances appeared ~ 8 min after the launch and
lasted for ~48min. The integrated action of ionospheric
waves and ionospheric depletion emerged after the appear-
ing time and lasted for ~ 8 min, and the ionospheric deple-
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Figure 6. (a) The color curves represent the low frequency part of
filtered ionospheric STEC time series for satellite PRN16 of all the
seven GPS stations on the day of Shenzhou-8 launch (DOY = 304)
in three observation regions A, B and C by setting a cutoff period
of 12 min, the grey curves represent reference curves calculated by
least squares polynomial method for the filtered ionospheric STEC
time series; (b) the color curves represent the raw ionospheric STEC
time series for satellite PRN16 of all the seven GPS stations on
the day of Shenzhou-8 launch (DOY =304) in three observation
regions A, B and C, the grey curves represent also the reference
curves calculated by least squares polynomial method for the fil-
tered ionospheric STEC time series.

tion played the dominant role. Due to the amplitude of iono-
spheric depletion is much larger than ionospheric wave, it is
difficult to find the weak ionospheric waves in the raw STEC
time series during the integrated action duration. However,
significant ionospheric waves with a period of ~9min can
be seen in Fig. 3a. In the observation region B, ionospheric
disturbances appeared ~ 10 min after the launch and lasted
for ~ 45 min, the integrated action of ionospheric waves and
ionospheric depletion emerged after the appearing time and
lasted for ~ 12 min, the ionospheric waves played the dom-
inant role. In the observation region C, ionospheric distur-
bances appeared ~ 10.5min after the launch and lasted for
~ 43.5min, the integrated action of ionospheric waves and
ionospheric depletion emerged after the appearing time and
lasted for ~ 11 min, the ionospheric waves played the dom-
inant role, and a significant second ionospheric wave over-
lapped ionospheric depletion for ~ 15 min.

5 Discussion and conclusion

In order to confirm the ionospheric disturbances associated
with spacecraft launches, we examined the space environ-
ment including solar and geomagnetic activities during the
observation periods. For solar activity, the local time of the
two launches are at 21:16:03 (Beijing time) and 05:58:10
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Figure 7. Time characteristics of the ionospheric disturbance vari-
ability after launching Tiangong-1 in three observation regions A,
B and C.

(Beijing time), respectively. Therefore, the solar activity has
little influence on the ionospheric TEC variation because the
two rockets both launched in the night hemisphere. For ge-
omagnetic activity, the 3-h Kp and 1-h Dst values for the
launch time of Tiangong-1 are 3 and —27nT, and for the
launch time of Shenzhou-8 are 3 and —6nT, respectively.
Besides, we also checked two higher time resolution geo-
magnetic indices, the USGS 1-min Dst and the 1-min SYM-
H (middle latitude symmetric geomagnetic disturbance), and
the results confirmed that the geomagnetic environment was
relatively quiet during the observation periods.

Furthermore, we also checked the ionospheric variations
on the day before and after the Tiangong-1 and Shenzhou-
8 launches for all the observed satellites. The results show
that there was no significant perturbation on the day before
and after the two launches. Therefore, the observed complex
ionospheric perturbations including multi-wave disturbances
with different main frequencies and ionospheric depletions
are deemed to be caused by the Tiangong-1 and Shenzhou-8
launches.

The mechanism of the observed TEC disturbances induced
by spacecraft launches are deduced probably to be twofold:
(1) the strong blast wave generated by high-speed rocket, and
(2) the chemical gases ejected from rocket exhaust plume.
On the one hand, the multi-wave disturbances with compli-
cated frequency and wave structures are products of the phys-
ical action between the strong blast wave and the ionospheric
electrodynamics process. On the other hand, the ionospheric
hole is a product of the chemical reaction between the re-
leased gases from rocket and the compositions of ionosphere
producing the localized electron density depletion. The ob-
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served results can be explained by the fact that the integrated
actions of spacecraft’s physical effect and chemical effect on
ionosphere during the launches had facilitated the formation
of complex ionospheric disturbances.

Overall, the comprehensive disturbed images arose from
the spacecraft launches of China’s Tianong-1 and Shenzhou-
8 in 2011 have been detected by ionospheric TEC data. It
probably improves our understanding to explain the different
results in previous studies. The main results are summarized
as follows:

1. The ionospheric disturbances caused by Tiangong-1 and
Shenzhou-8 launches are the integrated actions of iono-
spheric waves and ionospheric depletions. More iono-
spheric depletions were observed after the launch of
Tiangong-1, while more second sub-event waves ap-
peared after the launch of Shenzhou-8. The different
characteristics of ionospheric disturbance from the two
quite similar launches indicate that the observational ge-
ometry plays an important role in the observations and
results.

2. The ionospheric waves caused by spacecraft launch
contain two key disturbed periods. The first period of
~ 4 min showed one event in the near stations and two
sub-events in the few far stations. The second period of
~ 9 min showed only one event in all the observed sta-
tions. The lasting time at different frequencies presented
marked variations. These results can explain the differ-
ent observed frequencies in previous studies due to the
single filter method, and it will be helpful to understand
the type of waves in the future investigations.

The ionospheric depletion caused by spacecraft launch has
tremendous amplitude, which is featured by its large spatial
scope and long lasting time. These results have practical sig-
nificance for local artificial electron depletion experiments,
and can lead to a wide range of applications, such as radio
communication, GNSS navigation and positioning and so on.
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