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Abstract—The variability of the ionosphere during April–May, 2008, has been analyzed in detail in order to
reveal anomalous variations related to seismic activity, initiated by the strongest Wenchuan earthquake (M =
7.9) in the Sichuan province on May 12, 2008. Information about the total electron content (TEC) from the
network of GPS receivers in the earthquake region, the global IONEX TEC maps, and the reconstructed ver
tical profiles of electron density according to the data of GPS receivers were used as a data source. The spatial
and time localization of the observed anomalies, their morphological features, and the absence of geomag
netic disturbances during the observation period undoubtedly demonstrate that the observed variations were
caused by seismic activity.
DOI: 10.1134/S0016793210020118

1. INTRODUCTION
The fact that specific variations in the ionosphere
are related to seismic activity and appear over the
earthquake preparation region several days before a
seismic shock has been proved by numerous publica
tions [Pulinets et al., 1994; Chuo et al., 2001;
Zakharenkova et al., 2006], statistical studies [Pulinets
et al., 2002; Liu et al., 2004, 2006], and the physical
mechanism [Pulinets and Boyarchuk, 2004; Pulinets
2009a]; however, this fact is still discussed in the liter
ature including the recent publications [Afraimovich
and Astafyeva, 2008]. A high variability of the iono
sphere and the effects related to solar activity are still
the main arguments against this fact. Therefore, the
periods when such activity was minimal while the ion
ospheric effects were significant are of great interest,
which makes the arguments mentioned above not
actual.
The last minimum of solar activity was character
ized by extremely prolonged duration (a delay of about
2 years) and extremely low solar activity (almost com
pletely absent sunspots and pronounced solar events).
This makes it possible to verify different sources of
ionospheric variability independent of solar activity.
The atmospheric electric field [Pulinets et al., 1998a]
and one of its generators (seismic activity [Pulinets,
1998]) are among such sources.
The 2007s–2008s, coinciding with a deep solar
activity minimum, are characterized by very high glo

bal solar activity. The destructive Wenchuan Chinese
earthquake, which occurred in the Sichuan province
on May 12, 2008, was one of the manifestations of this
activity. The main earthquake parameters will be pre
sented in the next section, and we now consider the
morphological indications of the ionospheric precur
sors, the discussion of which will be the main matters
at issue in this work.
2. MORPHOLOGICAL INDICATIONS
OF EARTHQUAKE IONOSPHERIC
PRECURSORS
In this section we will use the results achieved in
[Pulinets et al., 1998b, 2003; Pulinets and Legen’ka,
2002, 2003; Liu et al., 2004]. The spatial and time
localization of anomalous variations, observed in the
ionosphere relative to the epicenter position and seis
mic shock time, are naturally the first and main indi
cations. As was demonstrated using the satellite map
ping of the ionosphere [Pulinets and Legen’ka 2003],
anomalous variations appear over the earthquake
preparation region, the dimension of which is defined
by the R = 100.43M ratio (R is the radius of the earth
quake preparation region, and M is the earthquake
magnitude) [Dobrovol’skii, 1991]. The order of mag
nitude of the anomaly extension in the ionosphere
corresponds to the R estimate; however, the anomaly
shape and location depends on latitude: at low lati
tudes, the equatorial anomaly electromagnetic nature
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results in the origination of anomalous variations not
only over the epicenter but also in the magnetically
conjugate region. In addition, the longitudinal effect,
related to the appearance of the zonal electric field
[Pulinets, 2009b], is observed in the lowlatitude ion
osphere. In any case ionospheric variations over the
earthquake preparation region differ from global vari
ations in the ionosphere, which is one of the indica
tions that make it possible to identify ionospheric pre
cursors.
The statistical studies indicated [Pulinets, 1998;
Liu et al., 2004, 2006] that ionospheric precursors
appear on average 5 days before a seismic shock. In this
case, ionospheric precursors are shortlived (with a
duration of about 4 h) in contrast to effects of mag
netic storms, when the negative phase in the iono
sphere can last a day and more, but appear every day
(or every other day) during several days usually at the
same time of day [Pulinets et al., 2003]. Negative devi
ations of electron density are observed before the sun
rise (3–5 h a.m.) at middle and high latitudes [Pulinets
et al., 1998b] and in the afternoon (14–18 h p.m.) in
the lowlatitude ionosphere [Liu et al., 2004, 2006].
Positive variations are usually observed in the prenoon
hours (10–12 h a.m.) [Pulinets et al., 1998b].
If the earthquake epicenter is at low latitudes, the
electrodynamic effects in the equatorial anomaly,
resulting in a change in the position and shape of
equatorial anomaly crests [Pulinets and Legen’ka,
2002], should be taken into account, Specifically, it is
indicated that equatorial anomaly crests move toward
the geomagnetic equator before an earthquake, which
is the main cause of negative anomalies in the post
noon hours within a crest and on its outer descending
branch and can result in positive anomalies near the
geomagnetic equator. If a lowlatitude seismoiono
spheric effect is related to a change in the air conduc
tivity in the Earth–ionosphere column, ionospheric
effects (a change in the shape and intensity of the
equatorial anomaly) can be observed west or east of an
epicenter rather than exactly over this region [Puli
nets, 2009b].
Seismoionospheric effects are observed not only at
an electron density maximum in the ionosphere
(although the variation amplitude is maximal in the
density peak region) but also in the entire ionosphere:
from the D region up to the magnetosphere [Pulinets
and Boyarchuk, 2004]. Variations in the scale height of
the electron density vertical profile in the ionosphere
are one of the indicators of such changes. Negative
electron density variations at a maximum of the iono
spheric F region (and negative TEC variations) are
accompanied by an increase in the scale height [Puli
nets et al., 2007], which is one more distinctive feature
of ionospheric precursors. A change in the scale height
is usually related to a variation in the average ion mass.
Specifically, an increase in the scale height can be
explained by an increased percentage of light ions in

the total ion content. The appearance of light ions in
the ionospheric F region before strong earthquakes
was repeatedly registered in different space experi
ments [Bošková et al., 1993].
Thus the following morphological indications of
ionospheric precursors will be studied in the present
work:
(1) The localization in space and time, including
the lead time of the precursor appearance before a
seismic shock.
(2) The dependence of precursors on the local time
and their regular appearance during several days
before an earthquake.
(3) The effects in the equatorial anomaly (distor
tions of the anomaly shape and intensity).
(4) The variations in the shape of the electron den
sity vertical profile.
If regularity in the observed anomalous variations is
revealed, we will try to develop the mask of an iono
spheric precursor for this region.
3. EARTHQUAKE OF MAY 12, 2008,
IN THE SICHUAN PROVINCE (CHINA)
The Wenchuan earthquake with a magnitude of
M = 7.9 (Richter scale) occurred on May 12, 2008, at
the point with the coordinates 31.015° N, 103.365° E
(Fig. 1) in the zone of the Longmenshan fault, formed
as a result of the collision between the Eurasian and
IndoEuropean tectonic plates. The fault passes along
the western margin of the Sichuan Basin, separating
this basin from the SinoTibetan Mountains. This
earthquake was characterized by an almost absolute
absence of foreshocks and extremely high aftershock
activity. The main shock factually stimulated the burst
of seismic activity in this region, which lasted up to the
end of May. Six hundred ninety seven earthquakes
[http://neic.usgs.gov/] (including 126, 521, 48, and
two events with magnitudes of 3 ≤ M < 4, 4 ≤ M < 5,
5 ≤ M < 6, and M = 6.0 and 6.1, respectively) occurred
during this period. The time and magnitude distribu
tion of the seismic energy is shown in Fig. 2, and the
spatial distribution of seismic shocks is presented in
Fig. 3. After the main shock of May 12, almost all
shocks are concentrated along the Longmenshan
fault, which indicates that these shocks are genetically
interrelated and belong to the same process of tectonic
reconstruction in this region of the Earth’s crust.
4. EXPERIMENTAL DATA
AND GEOPHYSICAL CONDITIONS
Since the data of the groundbased vertical sound
ing are unavailable in China, the available data from
the IGS network GPS receivers were the main source
of information about ionospheric variability in this
region. We analyzed the data of kunm, urum, and shao
receivers, the position of which is shown in Fig. 1.
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Fig. 1. The location of the epicenter of the Wenchuan earthquake, which occurred on May 12, 2008, and the GPS receivers.

Kunm station was located at the smallest distance to
the epicenter and in the same longitudinal sector. The
[Ciraolo and Spalla, 1997] method was used to calcu
late TEC in the vertical column. In addition, the
IONEX (IONosphere Map EXchange) global iono
spheric maps were used to analyze the global variations
in the ionosphere. The index, calculated at the Poly
technical University of Catalonia (Barcelona)
[HernándezPajares, 2003], was used as a data source.
The dualfrequency sounding method [Bondur and
Smirnov, 2005], which makes it possible to calculate
the electron density vertical profiles at the subiono
spheric point on the line joining a satellite and a
ground receiver, was used to reconstruct the electron
density vertical profiles from the GPS data. In this case
the position of the subionospheric point is selected in
the earthquake preparation region.
The geomagnetic conditions during the earthquake
preparation period were quiet. Figure 4, which pre
sents the Dst index of geomagnetic activity, indicates
that the value of this index was not larger than ±20 nT
beginning from April 29. An insignificant disturbance
(Dst = –43 nT) did not result in electron density vari
ations outside the lower quartile. Geomagnetic activ
ity was almost zero during ±5 days after the main
shock. During May 2008, the Ap and Kp indices were
not more than 12 and 0–2, respectively. Dead geo
magnetic calm made it possible to study ionospheric
variations during seismic activity in the Sichuan prov
ince. This made it also possible to compare iono
spheric variations over the seismic region with simul
taneous variations far from this region.
5. TEC VARIATIONS
Figure 5a presents the TEC variations in the verti
cal column, calculated using the kunm data (a thick
GEOMAGNETISM AND AERONOMY

Vol. 50

No. 2

solid line) from April 26 to May 26, 2008. A gray solid
line presents a current monthly median, calculated for
30 days before a current day of TEC presentation. The
lower and upper quartiles are shown by thin black and
thick gray lines in Fig. 5b, respectively. Figure 5b indi
cates that the TEC current values are regularly
observed outside the lower and upper quartiles in spite
of quiet geomagnetic conditions. In this case we
should note that the background of deviations is
mainly negative before the earthquake, and intense
positive deviations are observed immediately after the
earthquake. We can note that negative deviations
appeared every day at the same time (1400–1600 LT)
during several days before the main shock of May 12,
which is one of the morphological indications of ion
ospheric earthquake precursors according to Section 2.
The relative TEC deviations are shown in Fig. 5c. The
local time corresponds to the time when negative TEC
deviations were registered before strong earthquakes
on Taiwan [Liu et al., 2004].
Negative deviations were registered during three
days more, and an intense positive deviation was
observed May 16. This process came to the end on
May 20, when the main period of seismic activity ter
minated (see Fig. 2).
6. EQUATORIAL ANOMALY DYNAMICS
Taking into account the fact that the earthquake
epicenter and kunm and shao stations are located on
the outer slope of the equatorial anomaly northern
crest, we should consider the anomaly dynamics dur
ing the earthquake preparation period. For this pur
pose, we studied the dynamics of the equatorial anom
aly latitudinal section according to the IONEX data at
a latitude of 105° E almost coinciding with the epicen
ter longitude (Fig. 6). Taking into account the fact that
2010
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Fig. 2. The earthquakes with M > 3, which occurred in China on May 1–31, 2008.

the equatorial anomaly development maximum is
observed in the afternoon hours, we constructed the
latitudinal sections for 1400 LT. The following effects
were registered: (a) the electron content in the equato
rial anomaly was generally depressed; (b) the equato
rial anomaly shape was distorted, and the southern
crest was strongly depressed and completely disap
peared; and (c) the equatorial anomaly crests moved
toward the geomagnetic equator during the period of
earthquake preparation and high seismic activity.
We consider these effects in more detail. Figure 6a,
which presents all sections of the equatorial anomaly
from April 26 to May 25, indicates that the electron
density in the equatorial anomaly (the curve area) is
minimal on the earthquake day of May 12 (colored
black). In this case the anomaly southern crest is
almost absent.
We now consider the anomaly shape (Fig. 6b). On
April 26 and 27, the anomaly shape corresponds to the
season [Mendillo et al., 2005] (the southern crest is
higher than the northern one since the period of the
vernal equinox has been passed); however, the south
ern crest is sharply depressed on April 29. In this case
the anomaly shape on April 29 is the same as on May
12, but the electron density is higher. The anomaly
restores its seasonal shape only by the end of May (on
May 24). We should bear in mind that seismic activity
remained high during a month after the main shock, as

a result of which the state of the ionosphere was dis
turbed and the electron density was decreased during a
long period.
A low latitudinal resolution of the IONEX index
(2.5°) did not make it possible to study in detail the
motion of the equatorial anomaly crests depending on
latitude; nevertheless, Fig. 6c evidently demonstrates
that these crests moved toward the geomagnetic equa
tor as we approach the earthquake instant and during
the entire period of seismic activity. A thin broken line
in Fig. 6c shows the positions of the northern and
southern crests of the equatorial anomaly, and a thick
line demonstrates the current average positions of the
crests during five days. A horizontal straight line marks
the geomagnetic equator latitude at a longitude of 105°
E (8.2° N). The equatorial anomaly crests started
drawing together from April 21. April 29, when the
equatorial anomaly southern crest is not identified, is
one of the most anomalous days. The crests continued
approaching the geomagnetic equator during the
entire seismic period, and this approach was maximal
on May 18 (a weak before the secondmagnitude (M =
6) shock in the series that took place on May 25). Fig
ure 6 indicates that the latitudinal displacements of the
northern and southern crests of the equatorial anom
aly can exceed 5° on some days and even during several
days.

GEOMAGNETISM AND AERONOMY

Vol. 50

No. 2

2010

VERIFICATION OF THE CONCEPT OF SEISMOIONOSPHERIC COUPLING
N
W

N
E

W

S

E
S

3≤M<4

kunm

235

kunm

4≤M<5

N

M = 7.9
W

E

Earthquake of May 12, 2008,
in China

S

Earthquakes in China with 3 ≤ M < 4
from May 1 to May 31, 2008
Earthquakes in China with 4 ≤ M < 5
from May 1 to May 31, 2008
Earthquakes in China with 5 ≤ M < 6
from May 1 to May 31, 2008

5≤M<7

kunm

500

0

500

Earthquakes in China with 6 ≤ M < 7
from May 1 to May 31, 2008
GPS receivers

1000 km

Fig. 3. The location of the epicenters of the earthquakes with M > 3, which occurred in China on May 1–31, 2008.
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Fig. 4. The Dst equatorial geomagnetic index from April 22 to May 15, 2008.

Note that the equatorial anomaly shape is distorted
(the seasonal asymmetry) only in the longitudinal sec
tor near the epicenter. The equatorial anomaly south
ern crest was higher than the northern crest already at
a longitude of 80° E for the entire period from the end
of April to May 12.
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7. DYNAMICS OF ELECTRON DENSITY
VERTICAL PROFILES
Bondur and Smirnov [2005] proposed the method
for reconstructing electron density vertical profiles
using data of navigation systems. For the GPS 31 sat
ellite, which was over the horizon during the Wen
2010
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Fig. 5. The time variations in (a) TEC and the current median, (b) TEC (the lower and upper quartiles), and (c) relative deviations
from April 26, 2008, to May 26, 2008, according to kunm GPS receiver.

chuan earthquake preparation, the electron density
vertical profiles were calculated for 1600 LT from April
27 to May 14. In this case the position of the subiono
spheric point was near the epicenter and kunm station
during several hours (see Fig. 7). The electron density

dynamics at the F2 layer maximum confirms the result
achieved based on the IONEX index data: the electron
density decreased as we approach the seismic shock
instant. The variations in the NmF2 electron density
from April 27 to May 12 are ~500%. The electron den
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variations in the equatorial anomaly shape at a longitude of 105° E before and after the Wenchuan earthquake; and (c) the latitude
of the equatorial anomaly crests and a longitude of 105° E during the Wenchuan earthquake.

sity was minimal (4.56 × 105 cm–3) on May 7, five days
before the main seismic shock, which is a factor of 5 as
low as the density value on April 27 (2.27 × 106 cm–3),
see Fig. 8a.
For the calculated profiles, we studied the behavior
of the scale height. As a preliminary estimate we used
a difference between the height, where the density is
lower than the density at the h[HmF2/e] maximum, and
HmF2:
H = h[HmF2/e] – HmF2.
GEOMAGNETISM AND AERONOMY
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The variations in the H values indicates that the
scale height increases by 15 km as we approach the
earthquake instant, which confirms the dependence
described in [Pulinets et al., 2007]. The scale height
started decreasing after the earthquake (Fig. 8b).
8. LOCALIZATION OF IONOSPHERIC
ANOMALIES
In the absence of the satellite methods for vertical
sounding the ionosphere, which would make it possi
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Fig. 7. The map of the subionospheric point trajectories for the GPS 5 and 31 satellites.

ble to globally map the ionosphere and determine the
position of ionospheric anomalies related to seismic
activity [Pulinets and Legen’ka, 2003], the global TEC
maps, created using the IONEX index [Hernández
Pajares, 2003], are the most adequate method. Taking
into account the fact that the maximal variability of
the lowlatitude ionosphere is related to the equatorial
anomaly dynamics, we analyzed the maps for
0800 UT, which corresponds to 1600 LT (Fig. 9) for
the longitude of the earthquake epicenter and the
maximum in the development of the equatorial anom
aly. To reveal the variability of the ionosphere, we con
structed the maps of TEC deviation from the average
monthly values. The data of the point measurements
at the ground stations made it possible to determine
the most anomalous days: April 29, May 9, etc. The
global maps generally confirm the registered dynam
ics, but several specific features, which cannot be
determined based on point measurements, are
revealed in this case:
(1) The variability is maximal south of the epicen
ter and at crests of the equatorial anomaly rather than
exactly over the epicenter.
(2) The longitudinal effect is observed, when devi
ations of different signs are registered on the left and
right of the epicenter (on May 3 and 9).
(3) A global longitudinal ionospheric inhomogene
ity with an extremely large amplitude (about
±20 TEC) was formed on the day of earthquake 2 h

after the shock. In this case negative and positive devi
ations were mainly observed west and east of the epi
center, respectively. A global inhomogeneity existed
during three days after the shock and then disap
peared.
(4) The deviation was mostly observed at both
crests of the equatorial anomaly rather than at the
northern crest, which was the closest formation to the
epicenter.
The figures indicate that ionospheric anomalies are
concentrated around the impending earthquake epi
center in longitude, their latitudinal extension reaches
40°, and the longitudinal position varies from 60° to
120° on different days. Disturbances in the lowlati
tude ionosphere are global during three days after the
earthquake. The morphology of the observed phe
nomena indicates that the zonal electric field, result
ing in the generation of the equatorward electrojet and
modification of the equatorial anomaly, is the main
disturbing factor [Klimenko et al., 2006].
9. CREATION OF EARTHQUAKE MASK
The statistical studies of ionospheric effects on Tai
wan [Pulinets et al., 2002; Liu et al., 2006] made it
possible to detect that ionospheric variations observed
by a ground station (ionosonde or GPS receiver) are
similar for different earthquakes if the epicenters of
these earthquakes are in the same seismic region. This
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Fig. 8. (a) The electron density vertical profiles, reconstructed using the TEC data for 1600 LT from April 27 to May 13, 2008;
(b) the variations in the scale height of the electron density vertical profiles presented in Fig. 8a.

made it possible to put forward the concept of the so
called ionospheric precursor mask: the threedimen
sional representation of anomalous variations in coor
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dinates days to earthquake–local time–deviation
amplitude. Since the mask construction method was
described in detail by Pulinets et al. [2002], we will
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Fig. 10. The ionospheric precursor mask from April 26 to May 26, 2008, during the preparation of the earthquake (M = 7.9) that
occurred in China on May 12, 2008 (the shao GPS station data).

10. DISCUSSION OF RESULTS

tions in the development of the equatorial anomaly.
The seasonal asymmetry of the equatorial anomaly is
usually related to the thermospheric wind directed
from the summer hemisphere to the winter one [Men
dillo et al., 2001]; however, in this case a disturbance of
the shape of the equatorial anomaly crests can hardly
be explained by thermospheric winds. Most probably,
we should also consider the possible appearance of
anomalous zonal and meridional electric fields. At the
very least, we should consider the possible meridional
gradient of the zonal electric field. When electric field
effects are modeled, a similar approach makes it pos
sible to explain anomalies observed before earthquakes
in the lowlatitude ionosphere [Namgaladze et al.,
2009]. The mechanism by which an anomalous elec
tric field is generated before earthquakes is described
in [Pulinets, 2009a]. Thus, we can consider that the
observed effects have been explained in the scope of
the proposed physical models.

An analysis of the ionospheric parameters,
obtained using the GPS system, indicated that all
morphological indications of ionospheric earthquake
precursors described in the literature are present in the
registered variations during the preparation of the
Wenchuan earthquake. A very low level of solar and
geomagnetic activity makes it possible to state that the
observed global variations were mainly caused by seis
mic activity. The local time of the maximal variations
corresponds to the time when the equatorial anomaly
was most developed. The global maps and equatorial
anomaly latitudinal profiles make it possible to state
that the observed variations were caused by additional
electric fields, which disturb the normal daily varia

In addition to the fact that the main indications of
the ionospheric precursors of the Wenchuan earth
quake are similar to the indications detected previ
ously and described in the literature, we should refer to
several new results and differences. Negative devia
tions begin to manifest themselves long before the sta
tistically defined lead time (five days). They appear
from April 29, i.e., two weeks before the main shock.
We detected the longitudinal–latitudinal asymmetry
of the earthquake preparation region in the iono
sphere. The latitude of the preparation region corre
sponds to the data obtained in [Dobrovol’skii, 1991];
at the same time, the zonal extension of this region
much exceeds these data, which is apparently related

omit this procedure and immediately analyze the
obtained data. Considering that there are gaps in the
kunm data, we used the data of shao station (see
Fig. 10) in order to construct masks of the Wenchuan
earthquake. As in the Taiwan case [Liu et al., 2000],
negative variations in the postnoon hours are the main
observed effect. These variations are observed from
April 29 to May 15. The longest interval of daily nega
tive variations (from 1000 to 1600 LT) was observed on
May 6 (six days before the earthquake). The obtained
mask is almost identical to the mask for Taiwan; the
only difference consists in that the present work con
sidered the longer interval of observations before and
after the earthquake. This confirms the conclusion
that the ionospheric precursors are similar and depend
on the local time.
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to the mechanisms by which the equatorward electro
jet is formed. A global disturbance of the lowlatitude
ionosphere during three days after the earthquake is
absolutely unexpected. Such a phenomenon was
observed for the first time and should be interpreted.
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