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a b s t r a c t

A moderate geomagnetic storm occurred on March 17, 2013, during which large-scale traveling iono-
spheric disturbances (LSTIDs) are observed over China by ionosondes and GPS from Crustal Movement
Observation Network of China (CMONOC) and the International GNSS Service (IGS). Ionosonde data and
computerized ionospheric tomography (CIT) technique are employed to analyze the disturbances in our
study. The maximum entropy cross spectral analysis (MECSA) method is used to obtain the propagation
parameters of the LSTIDs. Spatio-temporal variations of ionospheric electron density (IED) and total
electron content (TEC) during this geomagnetic storm over China are investigated. Disturbance images of
IED and TEC are also presented in the paper. The results show two LSTID events at about 12:00 UT and
15:00 UT during the main phase of the storm. Besides, the LSTIDs with a duration of 40 min are detected
over China. It is confirmed that the LSTIDs travel from north to south with a horizontal velocity of 400–
500 m/s, and moved southwestwards with a horizontal velocity of 250–300 m/s, respectively.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Geomagnetic storm, as one of the most important phenomena
related with solar wind and energetic particle, is a complex pro-
cess originated from solar wind and magnetosphere. Intensively
ionospheric disturbances are often globally excited with the hap-
pening of geomagnetic storms. Ionospheric disturbance has re-
ceived tremendous attention in the field of ionospheric research,
and has become an important topic in the investigation of space
weather. Study on large-scale traveling ionospheric disturbances
(LSTIDs) triggered by solar activity in polar regions can improve
the understanding of energy transmission and coupling from polar
regions to mid- and low- latitude areas (Tsugawa et al., 2003).
Previous statistic studies on ionospheric storms obtained general
characters of the disturbances, and further summarized distribu-
tion rules of ionospheric storms related with longitude, latitude
and season. With the development of GPS technology, new ave-
nues are created for better cognizance of ionospheric space
environment.

Owing to the continuous observations and widely distributed
and Architecture, East China
stations, GPS has become one of the most important tools to study
ionospheric disturbances nowadays (Afraimovich et al., 1998,
2000; Borries et al., 2009; Calais and Haase, 2003; Cander and
Mihajlovic, 2005; Ding et al., 2007, 2012; Habarulema et al., 2013;
Hernández-Pajares et al., 2006; Ho et al., 1996; Jin et al., 2008;
Kotake et al., 2006; Nicolls et al., 2004; Pi et al., 1997; Song et al.,
2011, 2012, 2013; Tsugawa et al., 2007a, 2007b; Wang et al., 2007).
Ho et al. (1996) observed the LSTIDs during geomagnetic storms
with GPS observations from 60 stations all over the world early in
1996, and they detected that increase of total electron content
(TEC) was conjugate between north and south hemisphere. Tsu-
gawa et al. (2003) studied ionospheric disturbance during geo-
magnetic storm in September 22, 1999 with GPS data from GNSS
Earth Observation Network System (GEONET), and showed the
TEC disturbance images. Wang et al. (2007) conducted a statistic
study on propagation parameters of globally traveling ionospheric
disturbances during geomagnetic storms occurred during October
29–31, 2013, using GPS observations from over 900 stations, and
the southward traveling disturbance with a westward shift was
monitored. Geomagnetic storm events were analyzed with respect
to the influence on ionosphere in Europe during 2001–2007 were
studied by Borries et al. (2009) with GPS observations, compared
with TIDs in Japan, Europe has a faster horizontal phase velocity. A
study in China was also conducted by Ding et al. (2012), who
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Fig. 2. The magnetic indices solar wind speed (Vp), IMF Bz component, Dst, Kp,
SYM-H, and auroral electrojet (AE) during 15–19 March 2013. The gray column
denotes the day of 17 March 2013 and the main phase is in 06:00–20:00 UT.

J. Tang et al. / Journal of Atmospheric and Solar-Terrestrial Physics 145 (2016) 12–20 13
detected two disturbances traveling with the horizontal phase
velocity of 540 m/s and 362 m/s respectively during the storm on
May 28, 2011. Habarulema et al. (2013) studied the TIDs in South
Africa during geomagnetic storms of May 14–16, 2005 and Sep-
tember 25–27, 2011, wavelet analysis was employed to get their
propagation parameters. Idrus et al. (2013) investigated the LSTIDs
in the regions of high-latitude and equator. Besides, ionospheric
disturbances were studied with computerized ionospheric tomo-
graphy (CIT) technique. Pryse et al. (1995) and Cook and Close
(1995) monitored ionospheric disturbances using CIT method.
Pryse (2003) further systematically analyzed ionospheric dis-
turbances with CIT. Combining multi-type observations and CIT,
Yizengaw et al. (2005) studied ionospheric disturbances during
magnetic storms. Wen et al., (2007) studied spatio-temporal
evolution of ionospheric electron density (IED) during geomag-
netic storms in China. CIT was also applied in monitoring dis-
turbance in North American area by Allain and Mitchell (2010).
Yizengaw et al., (2012) obtained disturbance at equatorial region
and detected ionospheric trough with the CIT.

This study analyzes large-scale traveling ionospheric dis-
turbance over China during magnetic storm on March 17, 2013,
using GPS data from 266 Crustal Movement Observation Network
of China (CMONOC) and International GNSS Service (IGS) stations.
The inversion result from CIT which is described in detail in the
references (Yao et al., 2014) and ionosonde data are used to study
ionospheric variation, and TEC disturbance images are presented.
The propagation parameters are obtained through the maximum
entropy cross spectral analysis (MECSA) method. This paper re-
ports the first results of the horizontal and vertical imaging of
LSTIDs using GPS data with MECSA method and CIT technique in
China, combined with the observation of TIDs using ionosonde
data.
2. Observation processing method

GPS observations from 209 stations of CMONOC and 57 stations
of IGS are used to detect ionospheric disturbance over China. Fig. 1
shows the geographic locations of GPS receiver stations (blue dots)
and locations of ionosonde stations (red stars) in China and sur-
rounding area. In order to detect the disturbance, the background
Fig. 1. Locations of GPS receiver stations (blue dots) and locations of ionosonde stations
color in this figure legend, the reader is referred to the web version of this article.)
TEC should be eliminated by filtering. Some scholars used the
running average with a time window to estimate the unperturbed
TEC level (Kotake et al., 2006; Nicolls et al., 2004; Perevalova et al.,
2008; Tsugawa et al., 2003). The high-pass filtering was used by
Lee et al. (2008) to detect TEC disturbance. Ding et al. (2007) and
Song et al. (2013) expressed the TEC background trend as a func-
tion of local time and latitude, they both chose the linear function
(red stars) in China and surrounding area. (For interpretation of the references to
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Fig. 3. The time series of ionospheric electron density (IED) profiles along latitude and altitude at 120 °E on 17 March 2013.
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for time, while one-order and second-order functions for latitude.
The background TEC could be influenced by enhancement of TEC
at mid- and low- latitude, ionospheric trough and equatorial
spread F. Besides, China has a wide span on latitude. Therefore, the
background trend is filtered as the second-order function of uni-
versal time t and latitude φ in this study, it is expressed as follow:

φ φ φ φ= + ( − ) + ( − ) + ( − ) + ( − ) ( )C C C C t t C t tVTEC 10 0 1 0 2 0
2

3 0 4 0
2

Where VTEC0 has a projecting relationship with STEC:

= ′ + + ( )z B BSTEC VTEC/cos 2r
s

Where STEC is the total electron content (TEC) along the slant
route, VTEC is the vertical TEC, ′z is the zenith distance at iono-
spheric pierce point (IPP), Br and Bs are differential code bias (DCB)
of receiver and satellite, respectively. Uniting (Eqs. (1) and 2), we
get the equation to calculate the disturbed TEC (dTEC) in iono-
sphere:
φ φ φ φ

= − = ′ − ( + ) ′

− − ( − ) − ( − ) − ( − ) − ( − ) ( )

z B B z

C C C C t t C t t

dTEC VTEC VTEC STEC cos cos

3

r
s

0

0 1 0 2 0
2

3 0 4 0
2

Where φ and t are respectively geographical latitude and
universal time, t0 is the universal time when ′z is the minimum
distance, φ0 is the latitude at the position of IPP and time of t0.
Then, the MECSA method (Ma et al., 1998) is used to analyze the
disturbance time series of GPS TEC, and the transmitting azimuth
and horizontal phase velocity are determined.

We assume that the IED of each pixel is constant in the inver-
sion region. NmF2 is maximum IED of ionosphere F2 layer. Each
set of TEC values along the propagation path from a satellite to a
receiver can be expressed as:

∑= + ϵ
( )=

a xTEC
4j

n

ij j ii
1
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where i is the number of the ray, xj is the IED in pixel j, aij denotes
the length of the ith ray path through pixel j, n represents the
number of all the pixels, and εi is the observation noise of the ith
ray path. Eq. (4) can be further written in matrix form:

ε= ⋅ + ( )× × × ×y A x 5m m n n m1 1 1

Where m is the number of TEC measurements, y is a column
vector of the m with the absolute TEC from GPS observations, A is
an ×m n matrix corresponding to the discrete grid, x is a column
vector of the n with electron density at each voxel, and ε is the
noise. The inversion result from CIT which is described in detail in
the references (Yao et al., 2014).
3. Geomagnetic storm on 17 march 2013

A geomagnetic storm occurred on 17 march 2013, it began at
05:00 UT with a sudden storm commencement (SSC), and then
developed with three stages, which included the initial phase
stage during 05:00–06:00 UT, the main phase stage during 06:00–
20:00 UT, and the recovery phase stage after 20:00 UT. Fig. 2
presents the magnetic indices of solar wind speed (Vp), the N–S
component Bz of the interplanetary magnetic field (IMF), dis-
turbance sudden time (Dst), Kp, SYM-H, and auroral electrojet (AE)
during 15–19 march 2013. the gray column denotes the day of 17
march 2013. the solar wind speed increased abruptly at 04:00 UT
on 17 march 2013, and reached the maximum of over 700 km/S at
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quite days (black line) at 12:00 UT on 17 March 2013. ((a) is MHT site, (b) is CPT site,
legend, the reader is referred to the web version of this article.)



Fig. 6. Maps of disturbed TEC over China during 11:50 UT–12:50 UT on 17 March 2013.

J. Tang et al. / Journal of Atmospheric and Solar-Terrestrial Physics 145 (2016) 12–2016
10:00 UT, about 1.6 times of the value at the same time of the
Previous day. during the period of main phase, IMF Bz component
had the minimum of �20 nT at 08:22 UT, Dst index had the
minimum of �132 nT at 20:00 UT, at which Kp index was 6þ .
SYM-H index started to decrease at about 06:12 UT and reached its
first minimum of �107 at 10:27 UT. during about 9 h after this
time, SYM-H index changed little, and then decreased again and
reached its second minimum of �132 nT at 20:28 UT, and after
then finally recovered to its normal level. SYM-H index had two
decreases, the first was possible to be caused by southward in-
terplanetary magnetic field, the intensive auroral activity resulted
in the circular current increased again, and leaded to the second
decrease of SYM-H index. AE index reached its maximum of
2571 nT at 16:39 UT, indicating the unstable auroral condition. the



Fig. 7. Maps of disturbed TEC over China during 14:40 UT–15:40 UT on 17 March 2013.
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geomagnetic storm belongs to a strong one according to the
classifying criterion (Loewe and Prölss, 1997).

4. Observation result

Fig. 3 presents the profiles of ionospheric electron density (IED)
along latitude and altitude at 120 °E on 17 March 2013, the label at
each sub-figure shows the corresponding epoch. The profiles are
obtained by inversion of IED over China with CIT technique, we
can see from the profiles that IED have wavelike disturbances
during 12:00 UT–13:00 UT of the main phase stage, and the wa-
velike disturbances change the structures with time and latitude.
In Fig. 3, except for the increase near 21 °N, IED at the height with
maximum electron density (hm) of F2 layer present similar
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wavelike structures. Because the orbits of satellites at adjacent
epochs are in different meridian planes, horizontal phase velocity
of this TID cannot be determined through the CIT result. However,
the Fig. 3 clearly shows that equiphase surface is parallel to
equator at all altitudes. Meanwhile, the area where IED are max-
imum becomes wider from 11:30 UT to 12:00 UT, and the area
moves northward, locates near 23 °N, the maximum of IED de-
crease with time. After 12:00 UT, the area becomes narrower, and
movers southward, and then the wavelike disturbances die away
gradually.

For examination of reliability of CIT results, this study compares
the NmF2 obtained from CIT result and ionosondes of MHT in
Heilongjiang, CPT in Beijing, and ZLT in Wuhan on 17 March 2013,
and compares their NmF2 with the average NmF2 during six io-
nosphere-quite days. Fig. 4 shows the comparison result, in which,
the black curve represents average NmF2 of six days when iono-
sphere are quite, the shadow covers the range of two times of
standard deviation (2 σ), which is used to detect ionospheric
anomaly (Yadav et al., 2011). We can see that CIT results have good
agreement with ionosondes observations, indicating the accuracy
and reliability of CIT results above. The values of NmF2 keep steady
before the SSC, but change greatly during the main phase at all the
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four sites. The big difference between NmF2 of ionosondes and
average value means disturbance occurs at the corresponding site
and time. During the main phase of the geomagnetic storm, po-
sitive disturbances occur at MHT site at about 12:00 UT, also occur
at ZLT site at about 09:00 UT and 12:00 UT. Negative disturbances
occur at CPT site at 08:00 UT and at FKT site at 12:00 respectively.

This study further compares the electron density of CIT, iono-
sonde, and quite day mean at UT 12:00. The comparing IED pro-
files are shown in Fig. 5, in which, the black curves present the
profile of average IED in six quite days used in calculating the quiet
pattern. Fig. 5 shows that the maximums of IED obtained from CIT
and ionosondes have differences less than 0.5�1011 el/m3, while
IED at higher altitudes in the range of 300 km to 450 km have
bigger differences about 0.5�1011 el/m3 between CIT and iono-
sondes. We consider the bigger differences at higher altitudes are
caused by error of GPS observations, discretization error, and
limitation of geometric structure of GPS arrays. At 12:00 UT, po-
sitive disturbances occur at MHT and ZLT sites, negative dis-
turbance at FKT site, while no disturbance at CPT. This comparison
study also indicates the effectiveness of detecting ionospheric
disturbance with CIT technique comparing with the values of
ionosonde.

We detect the LSTIDs during the main phase period, it occurs
during 12:00–12:40 UT and travels from mid-latitude to low-lati-
tude. Fig. 6 presents the disturbed TEC images are calculated using
the Eq. (3) with observations from GPS stations in China. At 12:00
UT, obvious TEC disturbance is shown at range of 100 °E–115 °E
and 30 °N–35 °N, the maximum amplitude reaches 2 TECU
( = ⋅ −1 TECU 10 el cm16 2). Then, the disturbance moves southward
until the 25 °N, finally disappears at 13:00 UT. Fig. 7 shows an
obvious positive TEC perturbation band occurs around longitude of
100 °E–104 °E and latitude of 20 °N–22 °N during 14:50–15:30 UT,
with the maximum amplitude of 2 TECU. Then this travels to lower
latitudes with the azimuth of about 205°, and continuously moves
to middle latitude of about 22 °N, and gradually disappear at 15:30
UT.
5. Discussion

Shiokawa et al. (2005) explained LSTIDs during geomagnetic
storms as ionospheric disturbance excited when neutral atmo-
spheric gravity waves (AGWs) propagate into F layer, and the
AGWs are launched by Joule heating. Because there is no definite
evidence attesting LSTIDs can be caused by electrodynamics in-
stability, so we think this equator-ward LSTIDs is possibly the
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result of auroral electrojet which produce AGWs by Joule heating.
The variation of auroral electrojet can be reflected by horizontal
geomagnetic component (H), which can also be used to search for
position of excitation source. Fig. 8 shows variation of horizontal
geomagnetic components (H) of four stations at middle and high
latitude on 17 March 2013, the geographic coordinates of them are
also labeled in the figure. The values of H at YAK site decrease from
09:30 UT with the decline of 260 nT, and ionospheric disturbance
is detected in north China about 2.5 h later. In the contrary, values
of H at sites of NVS, IRT, and MGD have no such sudden decrease.
Therefore, we think the excitation source of this LSTIDs locates
between 104 °E and 151 °E with a high possibility.

To characterize the propagation properties of the LSTIDs, we
choose a three-station array of GPS receivers named as HAQS,
HBJM and WUHN, respectively. Fig. 9 indicates the geographic
locations of the three sites, in which, the left presents the co-
ordinates and the right presents horizontal distances among them.
Propagation parameters are calculated by MECSA method using
ionospheric TEC disturbance series, and the temporal distributions
of parameters are shown in Fig. 10. In Fig. 10, figure (a) and (b) are
the zenith and the horizontal phase velocity of LSTIDs along route
of satellite with PRN 3, and figure (c) and (d) are the zenith and the
horizontal phase velocity of LSTIDs along route of satellite with
PRN 19. For satellite with PRN 3, the duration of the LSTIDs are
from 11:20 UT to 13:30 UT, average zenith is about 12°, and hor-
izontal propagation velocity is about 490 m/s. For satellite with
PRN 19, the duration is from 11:50 UT to 13:30 UT and average
zenith is about �22°, horizontal propagation velocity is about
400–500 m/s. According to this method, we can estimate the
horizontal propagation velocity of the second LSTID is about 250–
300 m/s. As revealed in experiments, the first LSTID propagates
faster than the second LSTID, which is probably related with the
difference of the distance by the activity of the northern auroral
region.
6. Conclusion

In this paper, we use GPS observations of 209 stations of
CMONOC, 57 stations of IGS and observations of ionosondes to
investigate ionospheric disturbances. CIT technique is used to
study ionospheric disturbance over China during the geomagnetic
storm on 17 March 2013. The IED maps show traveling disturbance
at ionospheric F layer during the main phase of the storm. CIT
result and ionosondes data indicate ionospheric disturbances are
different with latitude. At 12:00 UT, sites of MHT and ZLT show
positive disturbance, while sites of CPT and FKT show negative
disturbance. The inversion results of CIT verify that CIT technique
is capable and effective in monitoring ionospheric large scale
disturbances and their evolvement over China, it can overcome the
lack of wide-scale observing for ionosonde and the altitude lim-
itation for 2D ionospheric TEC map. Therefore, CIT can be em-
ployed to support ionospheric study on complexity of F layer.

We also analyze the propagation properties of the two LSTIDs
by using MECSA method. The results show that they have a
duration of 40 min (12:00–12:40 UT, 14:50–15:30 UT), travel
southward with the velocity of about 400–500 m/s and south-
westwards with the velocity of about 250–300 m/s. AGWs laun-
ched by Joule heating from auroral electrojet are the possible ex-
citation for this two LSTIDs.
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