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[1] In this paper, the total electron content (TEC) of the global ionosphere map (GIM) is
used to detect seismoionospheric anomalies associated with the 12 January 2010 M7 Haiti
earthquake, and an ionospheric model is applied to simulate the detected anomalies.
The GIM temporal variation shows that the TEC over the epicenter significantly enhances
on 11 January 2010, 1 day before the earthquake. The latitude‐time‐TEC (LTT) plots
reveal three anomalies: (1) the northern crest of equatorial ionization anomaly (EIA)
moves poleward, (2) the TECs at the epicenter and its conjugate increase, and (3) the TECs
at two dense bands in the midlatitude ionosphere of 35°N and 60°S further enhance.
The spatial analysis demonstrates that the TEC enhancement anomaly appears specifically
and persistently in a small region of the northern epicenter area. The simulation well
reproduces the three GIM TEC anomalies, which indicate that the dynamoelectric field of
the ionospheric plasma fountain might have been perturbed by seismoelectric signals
generated around the epicenter during the earthquake preparation period.
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1. Introduction

[2] Recently, seismoionospheric anomalies before large
earthquakes have been intensively studied [Pulinets and
Boyarchuk, 2004; Kamogawa, 2006; Rishbeth, 2006].
Although preearthquake ionospheric anomalies could appear
almost in any local time period, Liu et al. [2000, 2001,
2004, 2006, 2009, 2010a] find that the ionospheric electron
density or total electron content (TEC) over a forthcoming
epicenter region tends to significantly decrease or increase
in the afternoon and/or evening period 1–6 days before the
earthquake occurrence. They propose that seismoelec-
tromagnetic environments could be modified around the
epicenter, where the generated seismoelectric fields might
penetrate into the ionosphere and perturb the TEC within it
during the earthquake preparation period. Meanwhile, Zhao
et al. [2008], Liu et al. [2009], and Pulinets and Ouzounov

[2010] report that the ionospheric GPS TEC enhancement
and/or reduction anomalies appear above the epicenter and
its magnetic conjugate point simultaneously 3–6 days before
the 12 May 2008 M7.9 Wenchuan earthquake. The simul-
taneous features above the epicenter and its conjugate lati-
tude indicate that the seismo‐generated electric field can
map from the epicenter along the Earth’s magnetic field line
to the conjugate ionosphere and possibly disturb the daily
dynamoelectric field in between. The disturbed dynamo-
electric field near the magnetic equator further affects the
E × B drift and the equatorial plasma fountain resulting in
modification of the location and magnitude of the equatorial
ionization anomaly (EIA) [Liu et al., 2010b]. Liu et al.
[2009] report that when the TEC enhancement (reduction)
anomaly appears 3 (6) days before the Wenchuan earth-
quake, the EIA crests move poleward (equatorward) and the
associated strengths increase (decrease) accordingly.
[3] An earthquake with magnitude of M7 occurred at

the Haiti region (18.5°N, 72.5°W) with 13 km depth at
21:53 UTC (16:53 LT) on 12 January 2010 (http://earthquake.
usgs.gov/earthquakes/recenteqsww/Quakes/us2010rja6.php).
In this paper, the GPS TEC of the global ionosphere map
((GIM) ftp://cddisa.gsfc.nasa.gov/pub/gps/products/ionex)
published at the Center for Orbit Determination in Europe
(CODE) [cf. Schaer, 1999] is employed to find seismoio-
nospheric anomalies associated with the Haiti earthquake,
while an ionospheric model is for the first time used to
simulate the seismoionospheric GPS TEC anomalies. We
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cross compare the GIM TEC with the simulation to have
better understanding of causal mechanisms of the seis-
moionospheric anomalies and the lithosphere‐ionosphere
coupling before the Haiti earthquake.

2. GIM TEC

[4] The solar EUV radiation, the z component of inter-
planetary magnetic field (IMF) Bz, and the geomagnetic Dst
and Kp index indicate that the space weather and geomag-
netic activity are relatively quiet during 13 December 2009
to 16 January 2010, 30 days before to 4 days after the 12

January 2010 M7 Haiti earthquake (Figure 1). The GIM
TEC maps with 2 h time resolution covering ±87.5°N lati-
tude and ±180°E longitude ranges with spatial resolutions of
2.5° and 5°, respectively, are utilized in this study. Each
map consists of 5040 (= 70 × 72) grid points. Figure 1
displays that time series of the GPS TECs above the Haiti
epicenter isolated from the GIMmaps increase pronouncedly
and significantly during the entire day of 11 January 2010
(1 day before the earthquake), especially around 2100 UT
(1600 LT). The anomalous TEC enhancement, exceeding the
associated upper bound, persistently appears from 1500 LT

Figure 1. A time series of the solar radiation, IMF Bz component, and the Dst and Kp geomagnetic
index as well as the GPS TEC right above the Haiti epicenter extracted from the GIM during 13
December 2009 to 16 January 2010. The solar radiation of 26–34 nm and 01–50 nm EUV is from
SOHO/SEM. Note that the IMF Bz is offset by −50 nT. The M7 Haiti earthquake occurred at 1653 LT
on 12 January 2010. The red, blue, and two black curves denote the GIM TEC, associated median, and
upper/lower bound (UB/LB), respectively. The LB and UB are constructed by the 1–30 previous days’
moving median (M), lower quartile (LQ), and upper quartile (UQ). Here, LB = M − 1.5(M − LQ) and
UB = M + 1.5(UQ −M). Red and black shaded areas denote differences of O–UB and LB–O, respectively,
where O is observed GPS TEC.
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on 10 January to 2200 LT on 11 January and from 0000 LT
to 0700 LT on 12 January, indicating that the duration of the
anomalous enhancement is about 31 h (or 40 h, except at
2300 LT 11 January). Figure 2 illustrates the latitude‐time‐
TEC (LTT) plots along the 72.5°W longitude extracted from
the GIM between 8 days before and 3 days after the earth-
quake (4–15 January 2010). It can be seen that the two EIA
crests significantly move poleward, while the TECs of the
two midlatitude dense strips on 35°N/60°S and those of the
epicenter/conjugate point reach their maximum values of
the study period on 11 January 2010. These three anomalous
features suggest the dynamoelectric field being disturbed
and enhanced significantly.
[5] It has been reported that seismoionospheric TEC (or

electron density) anomalies often repeatedly and persistently
appear near the epicenters for 8 to 12 h on the anomalous
days before large earthquakes [Liu et al., 2000, 2004, 2006,
2009, 2010a, 2010b]. To see if the TEC enhancement
anomalies specifically appear in the earthquake region for
a long duration or simply randomly occur worldwide on

11 January 2010, a spatial analysis is conducted. Figure 3
displays that the location of the 30 day (13 December
2009 to 11 January 2010) extreme enhancement (maximum)
at each grid point repeatedly appears at various time points
on the local day of 11 January 2010 in the Haiti area. The
extreme maximum grids with 1, 2, 3, and more repeating
time points (times) occur worldwide, whereas those with
4, 5, 6, and more repeating times appear mainly in the
epicenter, the magnetic conjugate areas, and high latitudes
of the northern hemisphere. It can be seen that the extreme
maximum grids repeating up to 7–8 and even more times
occur mainly around the epicenter and the conjugate point.
The extreme maximum grids with 9–10 and more repeats
appear in a relative large area of the epicenter. Finally, the
extreme maximums appearing specifically in a small area
around the epicenter repeat up to 11 times and even the
entire day (i.e., 12 times) of 11 January 2010 (the GIM with
2 h time resolution; 12 time points of a day). Therefore the
extreme maximums appearing around the conjugate point is
2/3 (= 8/12) of the anomalous day, while the extreme

Figure 2. The latitude‐time‐TEC plots extracted from the GIM during 4–15 January 2010. The cross
symbols denote the EIA crests. The solid and open start symbols are the epicenter and corresponding con-
jugate point of the Haiti earthquake, respectively. The three dashed white lines from the top to down
denote magnetic latitudes of the epicenter, magnetic equator, and conjugate point, respectively. The
dashed ellipses are the most anomalous enhancements among the same latitudes and local times during
4–15 January 2010.
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enhancement persistently locating the epicenter for the
entire day of 11 January. The long‐persisting anomalies on
11 January indicate that these anomalies are most likely
related to the 12 January 2010 M7 Haiti earthquake.

3. Numerical Simulation

[6] We simulate the ionosphere before the Haiti earth-
quake by using the Theoretical Ionospheric Model of the
Earth in Institute of Geology and Geophysics, Chinese
Academy of Sciences (TIME IGGCAS) [Yue et al., 2008].
The model solves the 2‐D coupled equations of the mass
continuity, momentum, and energy for three dominant ions
O+, H+ and He+. It also calculates values of concentrations
of three minor ions N2

+, O2
+ and NO+ in the E and F region

under the assumption of photochemical equilibrium. The
neutral temperature and density are taken from the
NRLMSIS‐00 model [Picone et al., 2002], and the NO
concentration is calculated from an empirical model devel-
oped by Titheridge [1997]. The neutral winds are supplied
by the HWM‐93 model [Hedin et al., 1996]. The photo-
electron heating effect is similar to that of Millward et al.
[1996]. At low altitudes (below 300 km), the photoelec-

tron heat is distributed locally. At higher altitudes (above
300 km), the photoelectron heat comes from local and also
from sources in the other hemisphere.
[7] On the basis of Dobrovolsky et al. [1979], the earth-

quake preparation area on the ground can be estimated by
R = 100.43M, where R is the radius of the preparation zone
and M is the earthquake magnitude. For the M = 7.0 Haiti
earthquake, we obtain R = 1023 km (about ±10 degrees in
the latitudinal direction from the epicenter), which is con-
sidered as the seismo‐electromagnetic area. We therefore
model by modifying the east‐west electric field along the
magnetic field lines in the meridian plane of 72.5°W in a
form of Gaussian distribution with a half‐peak strength
radius of about 5 degrees in the latitudinal direction cen-
tering at 18.5°N (i.e., the epicenter latitude), which can
cover the seismo‐electromagnetic latitude (Figure 4a).
Figure 4b illustrates variations of the unperturbed (back-
ground) dynamoelectric E field and the seismo‐perturbed
one. Here we perturb the model by increasing the eastward
dynamo E field to simulate the anomalous GIM TEC
enhancement.
[8] Figure 5a illustrates the GIM TEC on 11 January,

while Figure 5b depicts simulated TECs of the TIME

Figure 3. Locations of the 30 day extreme enhancement (maximum) repeatedly appear at various time
points on the local day of 11 January 2010 in Haiti. The number of the repeat time point is noted on top of
each panel. The solid and open start symbols denote the epicenter and its conjugate point.
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IGGCAS model with the eastward perturbation DE
(Figure 4b). It can be seen that the model well reproduces
the two EIA features but not clearly the feature of the two
midlatitude dense strips. We further compute the median of
the TEC for each grid at the associated time point during
1–30 days before the earthquake (13 December 2009 to
11 January 2010) and calculate the unperturbed condition as
the GIM and simulation references, respectively. To find the
seismoionospheric signatures, we calculate the differences
between the GIM/simulated TEC on 11 January 2010 and
their associated references. Figure 5c reveals the difference
between the GIM and its associated reference indicating that
the TEC at the epicenter and conjugate latitudes signifi-
cantly enhances (except the conjugate latitudes during 13–
15 LT) and reduces at magnetic equator during 11–17 LT.
Similar to the GIM difference, the increased perturbation

results in TEC enhancements clearly appearing in the epi-
center and conjugate latitudes (Figure 5d). Note that the
simulations fail to reproduce the reduction feature at the
conjugate latitude during 13–15 LT and at the equator at
11–17 LT as shown in Figure 5c. Although the feature of
the two enhancement stripes is not reproduced by the
model, the eastward perturbation DE results in the slight
TEC increases around the two‐stripe latitudes, 35°N and
60°S (Figure 5d).

4. Discussion and Conclusion

[9] The solar EUV radiations, IMF, Kp index, and Dst
index are rather stable and quiet 1–30 days before the
earthquake (Figure 1) which suggests that the anomalous
TEC enhancement around the epicenter 1 day before the

Figure 4. A sketch of the seismoelectric signal mapping and variations of the dynamoelectric fields.
(a) The solid and dashed lines denote the unperturbed and seismo‐perturbed electric fields map along
the Earth’s magnetic field lines, where the red dotted curve is the perturbed amplitude in a Gaussian
distribution centering at the epicenter latitude. (b) The time variation of the dynamoelectric E field right
above the Haiti epicenter. The solid and dashed curves denote the background E0 and positive perturbed
E = E0 + DE dynamoelectric fields. To simulate the observed GPS TEC, DE is amplified by various
factor k at different local times: DE = kE0, where k = 2, 3, 4, and 2 at 02–13 LT, 13–14 LT, 14–19 LT,
and 19–24 LT, respectively, and is smoothed with a 1 h moving window.
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earthquake is unlikely related to space weather changes and/
or magnetic activities. To find the chance of such a long‐
duration enhancement appearing around the epicenter area,
we examine the TECs over the Haiti epicenter extracted
from the GIM and derived by 3 neatest local ground‐based
GPS receiving stations, SCUB, BYSP, and MIPR, (ftp://
garner.ucsd.edu/pub/rinex/2010/) during a 5 year period of
2005–2009. It is found that the durations of the GIM TEC
anomalous enhancement are all less than 20 h, while those
of the 3‐station lasting up to 24 h appear on 3 days, 16
February 2005, 06 January 2008, and 11 May 2009. We find
the magnetic conditions of the first 2 days are relatively
disturbed, while the last one is quite. Although an M5.0
earthquake coincidently occurs at 19.00°N, 65.50°W, where
is not far from the Haiti epicenter (18.5°N, 72.5°W), on
20 May 2009 which is 9 days after the third enhancement
anomaly appearing, it is difficult to confirm whether these
two are associated or not. There are 1826 days (= 365 × 5 + 1)
in the 5 year period of 2005–2009. Even assume the third
anomaly being not related to the M5.0 earthquake, the
chance of the anomaly on 11 January 2010 not associated
with the Haiti earthquake is 5.5 × 10−4 (= 1/1826) which is
very small. In fact, no enhancement anomaly at the Haiti
epicenter lasts longer than 24 h, except the one on 11

January 2010 lasting for more than 31 h, during the 5 year
period.
[10] Anomalous regions of seismoionospheric electron

density and/or TEC before earthquakes usually are very
large [see Pulinets and Boyarchuk, 2004; Liu et al., 2010a].
Figure 3 shows that the anomalous region of the Haiti
earthquake indeed is very large even with 8–10 repeats. It
can be seen that the extremely anomalous enhancements
with 12 repeats become smaller and specifically appear
within a region of 20° latitude ×30° longitude (19 grids) in
northwest of the epicenter. Since planetary waves and tides
generally induce much larger‐scale signatures and are often
featured by dual polarities/phases of reduction and
enhancement or troughs and multipeaks, the long‐persisting
anomalous TEC enhancement fixed near the epicenter
without the above mentioned feature is unlikely caused by
the waves and/or tides. The gravity waves, although might
induce rather small and/or localized signatures, they usually
do not last for a long time with a single polarity or phase.
Therefore, the anomalous TEC enhancement is unlikely
resulted from gravity waves either.
[11] On the basis of Dobrovolsky et al. [1979], the prep-

aration radius of the M7 Haiti earthquake is 1023 km (about
10° in latitude and longitude). Kelly [2009] indicates that

Figure 5. The GIM and the simulation TEC along the earthquake longitude on 11 January 2010.
The TEC of (a) the GIM and (b) the simulation with the DE perturbation. The TEC differences
between (c) the GIM and its associated 30 day median as well as (d) the DE perturbed and unperturbed
simulations.
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scale sizes greater than a few kilometers in the lower ion-
osphere can map unattenuated to F region heights. Figure 3
shows that the anomaly is about thousands kilometers and
exists around the epicenter more than 24 h persistently. It
might be that the seismoelectric fields with thousand kilo-
meter size generated around the epicenter efficiently/
persistently map and penetrate into the ionosphere, and then
disturb the electron density within it, which enables the GIM
registering the TEC anomalies before the Haiti earthquake.
[12] It is interesting to find the two enhancement stripes

constantly appearing at about 30°N and 50/60°S during
4–15 January 2010 (Figure 2). To see if the two stripes are
real and whether the GIM data are accurate enough for
searching the seismoionospheric anomalies, we reproduce
the LTT plot similar to Figure 2 by using measurements of
21 ground‐based GPS receivers (data retrieved from ftp://
garner.ucsd.edu/pub/rinex/2010/) along the Haiti earthquake
longitude (Appendix A). It is found that the LTT plots from
the GIM and the 21 GPS receivers are nearly identical,
which confirms the two enhanced stripes to be real. In fact,
the two enhanced stripes are signatures of the “midlatitude
nighttime electron density enhancement” observed by using
ionosondes, incoherent scatter radars, satellites, etc. (see
papers listed in the work by Luan et al. [2008]). The
observations and related simulations of the midlatitude
nighttime electron density enhancement show that the
diurnal and seasonal variations as well as the neutral winds
and E × B plasma fountain are essential. Mikhailov et al.
[2000] find that the nighttime midlatitude electron density
is proportional to the E × B plasma fountain. Although the
features of the two enhancement stripes are not reproduced
by the model (Figure 5b), the slight TEC increases in lati-
tudes of the two stripes can be observed (Figure 5d). The
agreement between the GIM and simulation explains that
the seismo‐generated electric signals perturbs and increases
the eastward dynamo electric field, which causes the further
increases of the two enhancement stripes on 11 January
2010.
[13] The prominent feature before the Haiti earthquake

obtained by the simulation is the simultaneous TEC
enhancements at the epicenter and its conjugate latitudes
(Figure 5d). The GIM and simulated TECs over the epicenter
and the conjugate point simultaneously and significantly
increase 1 day before the Haiti earthquake (Figures 2 and 5)
which are similar to the TEC enhancement anomalies
appearing day 3 before the Wenchuan earthquake [Zhao
et al., 2008; Liu et al., 2009; Pulinets and Ouzounov,
2010]. The agreement of the simultaneous features in the
GIM and simulations demonstrate that the seismo‐generated
electric field mapping from the epicenter along the Earth’s
magnetic field line to the conjugate ionosphere is essential.
[14] Liu et al. [2009] observe that the EIA crests move

poleward (equatorward) when the TECs at the epicenter/
conjugate point simultaneously/anomalously enhance (reduce)
few days before the Wenchuan earthquake. Liu et al.
[2010b] statistically examine ionospheric EIA crest motions
and 150 M ≧ 5.0 earthquakes in the Taiwan area during
2001–2007. They suggest that a stronger eastward dynamo
electric field results in a greater plasma fountain which
upward raises the plasma to the higher altitude and then

downward diffuses along magnetic field lines to the higher
latitudes (i.e., the poleward EIA motion) [Bramley and
Young, 1968; Sterling et al., 1969; Ratcliffe, 1972;
Anderson, 1973; Tsai et al., 2001; Chen et al., 2008]. The
poleward motion of the northern EIA crest (Figure 2) and
the agreement of the EIA locations between the GIM and the
simulation (Figures 5a and 5c) indicate that the seismo‐
generated electric field maps along the Earth’s magnetic
field line disturbing/increasing the dynamo electric field.
Nevertheless, the GIM and the model results again show that
the daily dynamoelectric field is perturbed and enhanced on
11 January 2010.
[15] Figure 3 demonstrates that the 30 day extreme TEC

enhancements repeatedly and constantly appear near the
epicenter on the entire day of 11 January 2010. Note that the
occurrence chance of each grid on each day of the 30 day
period is 0.033 (= 1 day/30 day). If the persistence of the
entire day (24 h; 12 time points) is considered, the appear-
ance chance of the Haiti anomaly appearing specifically
around the epicenter is 1.6 × 10−18 (= 0.03312). The small
probability suggests that the enhancement anomalies appear
around the epicenter on 11 January 2010 being very likely
associated with the Haiti earthquake.
[16] Although the mapping process and the perturbation

factor are not fully understood, the model simulations suc-
cessfully reproduce the main features of the enhancements
in the epicenter area, and partly, except the reduction at 13–
15 LT, at the conjugate point (Figures 5c and 5d). It can be
seen that the simulated variations at the epicenter and the
conjugate point are generally in phase, which indicates that
the electric fields are well mapped along the Earth’s mag-
netic field lines between the two locations. Therefore, the
discrepancy between the GIM and simulation during 13–
15 LT might result from a poor mapping efficiency due to a
shielding effect of the extreme dense of the TEC enhance-
ments over the epicenter and the EIA crests (see Figures 1
and 2).
[17] In conclusion, the temporal TEC variation over the

epicenter indicates the preseismic anomaly being the sig-
nificant enhancement of the ionospheric TEC on 1 day
before the 2010 M7 Haiti earthquake. The localization and
the persistence of the 30 day extreme suggest that the
enhancement anomaly on 11 January 2010 is highly related
to the Haiti earthquake. The spatial distribution of the
extreme might be useful to locate a possible forthcoming
earthquake. The agreement between the GIM and simulation
reveals that the seismoelectric environment around the epi-
center has been changed, which perturbs the daily dynamo-
electric field and fountain effect in the equator, low‐latitude
andmidlatitude ionosphere during the earthquake preparation
period.

Appendix A

[18] Measurements of a chain of 21 ground‐based GPS
receiving stations (Figure A1) (ftp://garner.ucsd.edu/pub/
rinex/2010/) are used to produce latitude‐time‐TEC (LTT)
plots along the Haiti earthquake longitude 72.5°W during
4–15 January 2010 (Figure A2). The LTT plot is derived
based on the technique described by Liu et al. [1996].
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Figure A1. A chain of 21 ground‐based GPS receiving stations along the Haiti earthquake longitude
72.5°W is used to produce LTT plots.

Figure A2. Similar to Figure 2, it shows LLT plots during 4–15 January 2010. It can be seen that the
LLT plots constructed by the GIM (Figure 1) and by the 21‐station chain (Figure A2) have good
agreements.

LIU ET AL.: BRIEF REPORT A04302A04302

8 of 9



[19] Acknowledgments. This research work is supported by the
National Science Council grant NSC 98‐2116‐M‐008‐006‐MY3 and the
Center Weather Bureau grant MOTC‐CWB‐99‐E‐17. H.J.L. visits Institute
of Space Science, National Central University as a postdoctoral research
fellow during December 2009 to June 2010.
[20] Robert Lysak thanks the reviewers for their assistance in evaluat-

ing this paper.

References
Anderson, D. (1973), A theoretical study of the ionospheric F region equa-
torial anomaly II: Results in the American and Asian sectors, Planet.
Space Sci., 21, 421–442, doi:10.1016/0032-0633(73)90041-X.

Bramley, E. N., and M. Young (1968), Winds and electromagnetic drifts in
the equatorial F2 region, J. Atmos. Terr. Phys., 30, 99–111, doi:10.1016/
0021-9169(68)90044-5.

Chen, C. H., J. Y. Liu, K. Yumoto, C. H. Lin, and T. W. Fang (2008),
Equatorial ionization anomaly of the total electron content and equatorial
electrojet of ground‐based geomagnetic field strength, J. Atmos. Terr.
Phys., 70, 2172–2183, doi:10.1016/j.jastp.2008.09.021.

Dobrovolsky, I. P., S. I. Zubkov, and V. I. Miachkin (1979), Estimation of
the size of earthquake preparation zones, Pure Appl. Geophys., 117,
1025–1044, doi:10.1007/BF00876083.

Hedin, A. E., et al. (1996), Empirical wind model for the upper, middle and
lower atmosphere, J. Atmos. Terr. Phys., 58, 1421–1447, doi:10.1016/
0021-9169(95)00122-0.

Kamogawa, M. (2006), Preseismic lithosphere‐atmosphere‐ionosphere
coupling, Eos Trans. AGU, 87(40), doi:10.1029/2006EO400002.

Kelly, M. C. (2009), The Earth’s Ionosphere, 2nd ed., Academic, London.
Liu, J. Y., H. F. Tsai, and T. K. Jung (1996), Total electron content
obtained by using the Global Positioning System, Terr. Atmos. Oceanic
Sci., 7, 107–117.

Liu, J. Y., Y. I. Chen, S. A. Pulinets, Y. B. Tsai, and Y. J. Chuo (2000),
Seismo‐ionospheric signatures prior to M≧6.0 Taiwan earthquakes,
Geophys. Res. Lett., 27, 3113–3116, doi:10.1029/2000GL011395.

Liu, J. Y., Y. I. Chen, Y. J. Chuo, and H. F. Tsai (2001), Variations of iono-
spheric total electron content during the Chi‐Chi earthquake, Geophys.
Res. Lett., 28, 1383–1386, doi:10.1029/2000GL012511.

Liu, J. Y., Y. J. Chuo, S. J. Shan, Y. B. Tsai, S. A. Pulinets, and S. B. Yu
(2004), Pre‐earthquake ionospheric anomalies monitored by GPS TEC,
Ann. Geophys., 22, 1585–1593, doi:10.5194/angeo-22-1585-2004.

Liu, J. Y., Y. I. Chen, Y. J. Chuo, and C. S. Chen (2006), A statistical
investigation of preearthquake ionospheric anomaly, J. Geophys. Res.,
111, A05304, doi:10.1029/2005JA011333.

Liu, J. Y., et al. (2009), Seismoionospheric GPS total electron content
anomalies observed before the 12 May 2008 Mw7.9 Wenchuan earth-
quake, J. Geophys. Res., 114, A04320, doi:10.1029/2008JA013698.

Liu, J. Y., Y. I. Chen, C. H. Chen, and K. Hattori (2010a), Temporal and
spatial precursors in the ionospheric Global Positioning System (GPS)
total electron content observed before the 26 December 2004 M9.3
Sumatra–Andaman earthquake, J. Geophys. Res., 115, A09312,
doi:10.1029/2010JA015313.

Liu, J. Y., C. H. Chen, Y. I. Chen, W. H. Yang, K. I. Oyama, and
K. W. Kuo (2010b), A statistical study of ionospheric earthquake
precursors monitored by using equatorial ionization anomaly of GPS
TEC in Taiwan during 2001–2007, J. Asian Earth Sci., 39, 76–80,
doi:10.1016/j.jseaes.2010.02.012.

Luan, X., W. Wang, A. Burns, S. C. Solomon, and J. Lei (2008), Mid-
latitude nighttime enhancement in F region electron density from
global COSMIC measurements under solar minimum winter condition,
J. Geophys. Res., 113, A09319, doi:10.1029/2008JA013063.

Mikhailov, A. V., M. Förster, and T. Y. Leschinskaya (2000), On the mech-
anism of the post‐midnight winter NmF2 enhancements: Dependence on
solar activity, Ann. Geophys., 18, 1422–1434, doi:10.1007/s00585-000-
1422-y.

Millward, G. H., R. J. Moett, S. Quegan, and T. J. Fuller‐Rowell (1996), A
coupled thermosphere‐ionosphere‐plasmasphere model (CTIP), in Solar
Terrestrial Energy Program (STEP) Handbook of Ionospheric Models,
edited by R. W. Schunk, pp. 239–279, Utah State Univ., Logan.

Picone, J. M., A. E. Hedin, D. P. Drob, and A. C. Aikin (2002),
NRLMSISE‐00 empirical model of the atmosphere: Statistical compari-
sons and scientific issues, J. Geophys. Res., 107(A12), 1468,
doi:10.1029/2002JA009430.

Pulinets, S., and K. Boyarchuk (2004), Ionospheric Precursors of Earth-
quakes, Springer, New York.

Pulinets, S., and D. Ouzounov (2010), Lithosphere‐atmosphere‐ionosphere
coupling (LAIC) model–An unified concept for earthquake precursors
validation, J. Asian Earth Sci., doi:10.1016/j.jseaes.2010.03.005, in press.

Ratcliffe, J. A. (1972), An Introduction to the Ionosphere and Magneto-
sphere, Cambridge Univ. Press, London.

Rishbeth, H. (2006), Ionoquakes: Earthquake Precursors in the Ionosphere?,
Eos Trans. AGU, 87(32), doi:10.1029/2006EO320008.

Schaer, S. (1999), Mapping and predicting the Earth’s ionosphere using the
Global Positioning System, Geod.‐Geophys. Arb. Schweiz, 59, 205.

Sterling, D. L., W. B. Hanson, R. J. Moffett, and R. G. Baxter (1969),
Influence of electromagnetic drifts and neutral air winds on some features
of the F2 region, Radio Sci., 4, 1005, doi:10.1029/RS004i011p01005.

Titheridge, J. E. (1997), Model results for the ionospheric E region: Solar
and seasonal changes, Ann. Geophys., 15, 63–78, doi:10.1007/s00585-
997-0063-9.

Tsai, H. F., J. Y. Liu, W. H. Tsai, C. H. Liu, C. L. Tseng, and C. C. Wu
(2001), Seasonal variations of the ionospheric total electron content in Asian
equatorial anomaly regions, J. Geophys. Res., 106, 30,363–30,369,
doi:10.1029/2001JA001107.

Yue, X., W. Wan, L. Liu, H. Le, Y. Chen, and T. Yu (2008), Development
of a middle and low latitude theoretical ionospheric model and an
observation system data assimilation experiment, Chin. Sci. Bull., 53(1),
94–101, doi:10.1007/s11434-007-0462-z.

Zhao, B., T. Yu, M. Wang, W. Wan, J. Lei, L. Liu, and B. Ning (2008), Is
an unusual large enhancement of ionospheric electron density linked with
the 2008 great Wenchuan earthquake?, J. Geophys. Res., 113, A11304,
doi:10.1029/2008JA013613.

C. H. Chen, Department of Geophysics, Graduate School of Science,
Kyoto University, Kyoto 606‐8502, Japan.
M. Q. Chen, J. Y. Liu, Y. Z. Su, and Y. Y. Sun, Institute of Space

Science, National Central University, No. 300 Jhongda Rd., Chung‐Li
32001, Taiwan. (jyliu@jupiter.ss.ncu.edu.tw)
Y. I. Chen, Institute of Statistics, National Central University, Chung‐Li

32054, Taiwan.
H. Le, L. Liu, and W. Wan, Institute of Geology and Geophysics,

Chinese Academy of Sciences, Beijing, 100029, China.
C. H. Lin, Department of Earth Science, National Cheng Kung

University, No.1 University Rd., Tainan 70101, Taiwan.

LIU ET AL.: BRIEF REPORT A04302A04302

9 of 9


