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Temporal and Spatial Ionospheric Variations of
20 April 2013 Earthquake in Yaan, China

Jun Tang, Yibin Yao, and Liang Zhang

Abstract—In this letter, we investigate the ionospheric vari-
ations associated with the Yaan earthquake that occurred on
April 20, 2013 in China by using the total electron content (TEC)
derived from ground-based Global Positioning System observa-
tions and a global ionosphere map (GIM). Geomagnetic and solar
activities are taken into account. First, we focus on the coseismic
ionospheric disturbances of the earthquake. The time period of the
variations is about 15 min after the seismic rupture, and the maxi-
mum amplitude is about 0.1 TEC units. We then examine the pre-
seismic ionospheric anomalies by the TEC values from the GIM
and the electron density (Ne) values reconstructed by computer-
ized ionospheric tomography. Temporal variations show that the
TEC and Ne values simultaneously increased on April 5–8, 2013,
which are 12–15 days before. This increase is possibly related
to the earthquake. Spatial analysis shows that anomalies tend to
appear around the epicenter and their conjugate points.

Index Terms—Anomaly, ionosphere, ionospheric tomography,
total electron content (TEC).

I. INTRODUCTION

A GLOBAL Positioning System (GPS) provides an un-
precedented capability of monitoring the ionosphere

with the development of ionosphere remote sensing. This
technique is widely used for detecting and investigating
the ionospheric response to earthquakes. A large num-
ber of studies have been conducted on the coseismic
ionospheric disturbances (CIDs) [1]–[8] and preseismic iono-
spheric anomalies associated with strong earthquakes [9]–[20].
For coseismic disturbances, Astafyeva et al. [2] analyzed the
ionosphere response to the great Kurile earthquake in detail
and found that the characteristics of CIDs depend on the
distance from the epicenter. Liu et al. [8] reported the ob-
served CIDs triggered by the shock-acoustic waves of the
Chi-Chi earthquake. Cahyadi and Heki [4] studied the iono-
spheric disturbances associated with two large earthquakes
and found that CIDs appeared 11–16 min after an earthquake
and rapidly propagated northward (0.7 km/s). For preseismic
anomalies, Liu et al. [13] employed the total electron content
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(TEC) derived from local ground-based GPS observations to
study its variations during the Chi-Chi earthquake, and they
found that the equatorial anomaly crest moved equatorward.
In addition, the TEC value around the epicenter significantly
decreased one, three, and four days before the earthquake.
Liu et al. [14] also statistically investigated the variations
of the ionospheric F2-layer critical frequency (foF2) during
earthquakes with a magnitude (M) larger than 5.0 (M > 5.0)
during 1994–1999 in the Taiwan area. The result showed that
the foF2 decreased by more than 20% during the afternoon
period, i.e., at 12:00–18:00 local time (LT), which significantly
occurred within five days before the earthquakes. Researchers
have used a global ionosphere map (GIM) to study the TEC
anomalies before earthquakes worldwide, such as the 2004
Sumatra–Andaman earthquake [16], the 2008 Wenchuan earth-
quake [15], [21], the 2010 Haiti earthquake [17], the 2010
Chile earthquake [12], and the 2011 Tohoku–Oki earthquake
[19], [22]. Their results showed that TEC anomalies appeared
in time and space before an earthquake. Heki [10] used the
Japanese dense network of GPS to detect the clear precursory
positive anomaly of the ionospheric TEC around the focal
region, and it was found that it started about 40 min before
the 2011 Tohoku–Oki earthquake and reached nearly 10% of
the background TEC. Only a statistical method was used to
detect seismoionospheric precursors. In this letter, we research
on coseismic and preseismic ionospheric variations, and we in-
troduce a computerized ionospheric tomography (CIT) method
to analyze ionospheric anomalies.

Numerous reports on earthquake-related ionospheric varia-
tions for some special earthquakes exist. These variations are
usually associated with the forthcoming earthquake. Thus, in
this letter, we examine the coseismic ionospheric variations of
the GPS TEC derived from the measurement of ground-based
GPS receivers. We then cross compare the GPS TEC extracted
from a GIM and the electron density (Ne) reconstructed by
CIT to analyze both the temporal and spatial seismoionospheric
anomalous phenomena during the Yaan earthquake, which has
a magnitude of 6.6 and occurred on April 20, 2013 in China.

II. DATA AND METHODOLOGY

An earthquake with a magnitude of 6.6 occurred in Yaan,
China, at 00:02:47 universal time (UT) on April 20, 2013, with
a depth of 14 km. The epicenter was located at 30.308 ◦N,
102.888 ◦E. The GPS raw data used in this letter come from
the receivers of the Crustal Movement Observation Network of
China (CMONOC) with a 30-s sampling rate [23]. Fig. 1 shows
the epicenter selected GPS receivers. The GPS constellation
transmits on two frequencies in the L-band, which are 1575.32
and 1227.60 MHz, respectively. The path integral of the
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Fig. 1. Map of the epicenter of the 2012 Yaan earthquake, and the ground-
based GPS receivers.

electron density along the satellite–receiver line of sight, which
is commonly referred to as the slant TEC (STEC), can be
calculated using the GPS phase measurements that are de-
scribed in detail by Calais and Minster [24] and Leick [25]. The
STEC between the satellite and a ground-based receiver can be
written as

STEC=

(
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1 f

2
2

(f2
1 − f2

2 )

]
[(λ1L1−λ2L2)+const+nL]

(1)

where L1 and L2 denote the carrier pseudoranges (in units of
cycles) of the two frequencies f1 and f2, respectively,λ1 and λ2

are the corresponding wavelengths, const is the unknown initial
phase ambiguity, and nL is the error in determining the phase
path. The STEC is computed in TEC units (TECUs) where
1 TECU = 1016 electrons/m2. To detect temporal variations
in the ionosphere, we calculate the ionospheric piercing point
(IPP) of the line of sight, assuming a thin layer of the ionosphere
at a 350-km altitude and the trace propagation of CIDs by a
subionospheric point (SIP), which is a projection of an IPP
to the Earth surface. From the given ionospheric height, the
STEC along the ray path can be converted into the vertical
TEC (VTEC) at its associated longitude and latitude usually
using a simple cosine function of the satellite zenith. The
accuracy of TEC estimates is related to the L1 and L2 accuracy.
Effectively, because our interest is focused on high-frequency
TEC perturbations, high-frequency variations have accuracy
proportional to the accuracy of λ1L1 − λ2L2. We also employ
differential TEC (dTEC) that is defined by subtracting each
VTEC at t = i+ 1 from its previous 30-s value at t = i, and
we isolate the acoustic perturbations of interest by filtering the
GPS raw TEC using a high-pass filter [5], [26]. We give an
example of 30-s-sampling TEC data filtered with a passband
between 4.3 and 5.8 MHz [27]. Accordingly, the amplitude and
period of CIDs can be evaluated.

The GIM TEC data retrieved from the International Global
Navigation Satellite System Service (IGS) are used to investi-
gate the ionospheric variations before the Yaan earthquake and
during background days. The global TEC covering ±87.5 ◦N
latitude and ±180 ◦E longitude ranges with spatial resolutions
of 2.5◦ and 5◦ every 2 h, respectively. To determine whether the
TEC anomalies are really related to the earthquake, we need

Fig. 2. VTEC along the ray path from the GPS receivers to satellite PRN 26
and the dTEC versus time. Each grid denotes 0.1 TECU/30 s (1 TECU =
1016 electrons/m2) on the vertical axis. The dashed line represents the time
of the Yaan earthquake.

to take the geomagnetic and solar activity conditions during
anomalous days into account. We also use the CIT technique
to examine the anomalous variations in a 3-D electron density
distribution. CIT, which is a new technique for understanding
the ionosphere more fully, can reconstruct 3-D or 4-D structures
of the ionosphere. Referring to CIT, the line integral of the elec-
tron density, i.e., the TEC, is measured over a large number of
ray paths transitioning the ionosphere. This data set is inverted
to produce an image of the electron density in ionosphere maps.
In this letter, we reconstruct the electron density by CIT similar
to the method of Nesterov and Kunitsyn [28].

III. RESULTS ON IONOSPHERIC VARIATIONS OBSERVED

A. Coseismic Disturbances

During the earthquake, eight GPS satellites passed around
and over the Sichuan Province of China. However, we do the
experiment by using these eight GPS satellites, and we find that
only the TEC measurements of satellite PRN 26 are useful for
our studies of the coseismic TEC perturbations above the focal
regions of the earthquake and the CIDs forming. In Fig. 2, we
show the temporal variations of the VTEC/30-s values and the
time series from 23:00 UT to 01:00 UT recorded by satellite
PRN 26 from some GPS receivers within Sichuan. The VTEC
fluctuations have amplitudes of about 0.1 TECU. Compared
with the quiet behavior before the earthquake, the sudden
disturbances in the TEC are attributed to the CIDs triggered
by the earthquake. About 15 min after the earthquake, the
GPS stations registered a TEC perturbation with an amplitude
of 0.06 TECU. At about 30 min, the amplitude of the waves
reaches the maximum value of 0.1 TECU and then decreases to
0.02–0.04 TECU.

Fig. 3 shows the arrival times at different SIPs, and the
distance from the center for these points’ curves align on a
certain line, which show a linear relationship between the travel
times and the distances. The diagram for the records of satellite
PRN 26 is also depicted. The nearest SIP was not disturbed until
28 min after the earthquake, and some further SIPs were always
with a quiet behavior. When traveling away from the epicenter,
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Fig. 3. Travel-time diagram of the CIDs calculated for satellite PRN 26 and all
the GPS receiver time series. The epicentral distance is measured from the SIP
to the epicenter. The dashed line represents the time of the Yaan earthquake.

Fig. 4. Time series of the IMF Bz component, the F10.7 solar index, and the
Dst and Kp geomagnetic indexes during the period from March 23, 2013 to
April 21, 2013.

the associated CIDs slightly decrease and increase. At a time of
about 35 min after the earthquake, the amplitude of the waves
reaches the maximum value.

B. Preseismic Anomalies

1) GIM TEC: Solar and geomagnetic activities that are to
have a strong impact on the ionosphere should be taken into
account when analyzing ionospheric anomalies [17]. To check
the possible effect of the solar and geomagnetic activities on the
ionospheric behaviors, the z component of the interplanetary
magnetic field (IMF) Bz, solar index F10.7, and geomagnetic
indexes Dst and Kp are illustrated in Fig. 4. The IMF Bz
component presented relatively large variations on April 14 and
15, but it is positive, which only has a small impact on the
geomagnetic activity (negative Bz is much more geoactive).
Sharp variations in Dst were on March 29 and 30, and for
the Kp index, they were on March 23 and 27–30. Apart from
the variations of the geomagnetic indexes, solar index F10.7
showed a moderate solar radiation. F10.7 indexes are relatively
stable 15 days before the earthquake, which means that the
solar activity is moderate overall. Therefore, in this figure, we
can expect the effects of the solar and geomagnetic activities
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Fig. 5. Temporal distribution of the GIM TEC above the 2013 Yaan earth-
quake epicenter from March 23, 2013 to April 21, 2013. The red, blue, cyan,
and black curves denote the GIM TEC, the associated median, and the median’s
UB and LB, respectively. The UB (UB = M + 1.5(UQ −M)) and the LB
(LB = M − 1.5(M − LQ)) are used as references, where M , UQ, and LQ are
the running median, the upper quartile, and the lower quartile on the previous
30 days, respectively. The red shaded areas are the differences between the
observed TEC and the UB, which denote positive anomalies.

in the ionosphere TEC on March 23 and 27–30. We analyzed
the causes of the ionospheric anomalies before the earthquake,
and we attempted to exclude the anomalies that may have been
caused by the solar and geomagnetic activities.

Fig. 5 illustrates the time series of the TEC above the epi-
center during the Yaan earthquake. The TEC pronouncedly and
significantly increased during the days of April 5–9 (11–15 days
before the earthquake) without any decreasing anomaly. Con-
sidering the statistical analysis results in Ho et al. [12] and
Liu et al. [14], we assume the duration of TEC anomalies longer
than 8 h to be an anomalous day. At this time, we know that the
solar and geomagnetic activities are quiet in Fig. 4, and we ex-
clude the anomalies that may have been caused by solar and ge-
omagnetic disturbances. Based on this criterion, the anomalous
days associated with the earthquake can be found on April 5–8
(12–15 days before the earthquake). In fact, the epicentral
TEC values at 12:00 UT (19:00 LT), 13:00 UT (20:00 LT),
12:00 UT (19:00 LT), and 16:00 UT (23:00 LT) on April 5–8
achieved their time point maximum values (increases) of posi-
tive deviation every day, respectively. At 16:00 UT (23:00 LT)
on April 8, the time point maximum value (increases) of pos-
itive deviation was achieved among all these anomalous days
before the Yaan earthquake. Therefore, the TEC over the
epicenter not only statistically increases but also certainly in-
creases during these time periods.

The ionospheric anomalies before the earthquake occurred
not only above the epicenter but also in adjacent regions [16]
or in the adjacent regions of the magnetic conjugate point. The
affected possible coverage is expanded with the increase in the
earthquake magnitude [29]. To illustrate the TEC variations
at other latitude regions along the epicentral longitude and at
other longitude regions along the epicentral latitude, we show
the latitude–time–TEC map constructed by the 1–30 previous
days’ moving quartile along the longitude of 102.888 ◦E during
the period of April 2–21, 2013 in Fig. 6. It can be seen that the
significant anomalies in the TEC lasted approximately six days.
The extreme enhancements at different times on April 5–8
mainly occurred in the regions around the epicenter and its
magnetic conjugate point. In Fig. 6, the regions around the
epicenter presented obvious anomalies on April 5–9. At the
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Fig. 6. Latitude–time–TEC plots are constructed by the 1–30 previous days’
moving quartile along 102.888 ◦E on April 2–21, 2013 (LT). The solid and
open start symbols are the epicenter and the corresponding conjugate point
of the Yaan earthquake, respectively. The two blue dashed lines from top to
bottom denote the location and the magnetic conjugate point of the epicenter,
respectively, and the white dashed line is the magnetic equator.

same time, the magnetic conjugate point regions of the epi-
center also presented clear anomalies on April 5–7, and the
anomalies mostly occurred in the afternoon of April 5–9 (LT).
For the Yaan earthquake under study, the epicenter was to the
north of the northern crest of the equatorial ionization anomaly
(EIA), and the EIA was shown to be intensified, resulting
in an anomalous increase in the TEC at the locations of the
epicenter. Was this an ionospheric precursor of the earthquake?
The most possible cause for these preearthquake anomalies at
low latitudes could be the strong vertical electric field bear in
the earthquake preparation area. According to the formula of
Dobrovolsky et al. [29] (ρ = 100.43M km), the radius of this
earthquake preparation zone would be ∼700 km when M =
6.6. In fact, Fig. 5 clearly shows that the positive anomalies of
the TEC are identified in a variation that is still within or slightly
outside the upper bound (UB)–lower bound (LB) interval.

To further compare the TEC variations on April 5–8 and
find their anomalies, the spatial distribution of the extreme
enhancements within 30 days before the earthquake is analyzed.
We calculate the difference of the TEC on a fixed day between
the observed TEC and the associated median at fixed UT and
LT. The relation between the UT and the LT is LT = UT + 7
at the epicenter area. Fig. 7 shows that the GPS TEC and
the associated median yield remarkable reductions in the EIA.
Taking into account the EIA or LT effects, a sequence of
GIMs for a global fixed LT at 23:00 LT is also examined. It is
found that the severe enhancements and the extreme maxima
in the GPS TEC are once again mainly located around the
forthcoming epicenter and EIA region (see Fig. 7). In Fig. 7, we
have not considered the resolution error of the measurements
and the systematic errors of the related products (GIMs). The
anomaly area is larger in the longitude direction than in the
latitude direction.

2) IED: To further understand the anomalies in the 3-D dis-
tributions of the ionospheric electron density (IED) above the
epicenter, we use the CIT technique to calculate the difference
between the reconstruction data at different times on April 5–8

Fig. 7. TEC maps observed at 16:00 UT and the corresponding time 23:00 LT
on day 12 before the Yaan earthquake. (a), (c), and (e) show the GIMs of the
UT, and (b), (d), and (f) show the GIMs of the global fixed LT. (a) and (b) are the
observed TEC, and (c) and (d) are the medians of the period of 1–30 days (from
March 21, 2013 to April 19, 2013) before the earthquake. (e) and (f) denote the
difference between the observed TEC and the associated median. Their units
are TECU, and the asterisk is the epicenter of the Yaan earthquake.

Fig. 8. IED slices at various altitudes. (a) At 12:00 UT on April 5. (b) At
13:00 UT on April 6. (c) At 12:00 UT on April 7. (d) At 16:00 UT on April 8.
The solid symbol is the epicenter of the Yaan earthquake.

and its data that are constructed by the median value within
15 days before the earthquake. The inversion region is 25 ◦N–
35 ◦N in latitude, 97 ◦E–109 ◦E in longitude, and 100–700 km
in altitude. The spatial resolution is 0.5◦ × 0.5◦ × 50 km along
the longitude, the latitude, and the altitude. Fig. 8 shows the
electron density for various altitude slices. The IED appears to
have a noticeable enhancement in the regions over the epicenter
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and even more toward the equator. These regions correspond to
Fig. 7 derived from a GIM. A region where the IED variation
in Fig. 8 coincides with the TEC variation in Fig. 7 on April 8
is also observed. Their anomalies generally are in the south of
the epicenter. Meanwhile, the IEDs at altitudes of 250–350 km
significantly increased around the epicenter. The IEDs at alti-
tudes of 200 and 500 km increased slightly. The CIT analysis
results are consistent with those of the GIM TEC analysis.

IV. CONCLUSION

To determine whether temporal and spatial ionospheric vari-
ations specifically appear during an earthquake, we examine
CIDs and preseismic ionospheric anomalies. A CID is found in
the Yaan earthquake. The smaller amplitudes can be explained
by the dTEC. These CIDs start with positive anomalies, and
the amplitudes of the negative anomalies reach the maximum
value. We use GIM TEC data to study the preseismic iono-
spheric anomalies. To better understand ionospheric variations,
we use a CIT technique to reconstruct a 3-D distribution of
the IED around the epicenter. The results indicate that the
ionospheric anomalies that occurred 12–15 days before the
earthquake are likely to be preseismic ionospheric anomalies.
At the same time, we find that an enhancement occurs not only
in the adjacent regions of the epicenter but also in its magnetic
conjugate point. This letter has provided a comprehensive study
of the multiple aspects of temporal and spatial ionospheric
variations. However, further investigation is required. We have
not considered the resolution error of the measurements (the
TEC) and the systematic errors of the related products (GIMs).
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