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ABSTRACT

Scientists analyzed temporal variations of local data recorded in Taiwan and reported anomalous reductions in the
ionospheric total electron content (TEC) on days 4 and 3 before (17 and 18 September) the Chi-Chi earthquake (M, 7.6,
M, 7.3), and days 3 and 1 prior to (19 and 21 October) the Chia-Yi earthquake (M 6.4) in Taiwan. In this paper, we propose a
spatial analysis which compares the data recorded inside and outside of the earthquake area around Taiwan to discriminate
whether the anomalies are local (earthquake related) or global (non-earthquake related) phenomena. Results suggest that the
anomalies appearing day 3 before the Chi-Chi earthquake, and days 3 and 1 before the Chia-Yi earthquake are local
(earthquake related) phenomena and the anomaly appearing on 17 September 1999 (day 4 before) might be the result of both
global phenomena (i.c., a geomagnetic storm) and the local effect of the Chi-Chi earthquake.
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1. INTRODUCTION

Many anomalous electromagnetic phenomena possibly
associated with large earthquakes have been reported (e.g.,
Hayakawa and Fujinawa 1994; Hayakawa 1999; Hayakawa
and Molchanov 2002; Pulinets and Boyarchuk 2004). lono-
spheric anomalies before large earthquakes were reported
first in the beginning of the 1970s (Datchenko et al. 1972;
Birfeld 1974; Nestorov 1979). Scientists (Pulinets et al.
1994; Pulinets 1998; Liu et al. 2000, 2006; Chuo et al. 2001,
2002) observed that the ionospheric plasma frequency (or
corresponding electron density) decreased a few days before
some large earthquakes occurred. Ionosondes have been the
most popular instruments for probing the ionospheric elec-
tron density for more than seven decades (Hunscucker 1991).
They provide excellent opportunities for studying pre-earth-
quake ionospheric anomalies. Gokhberg et al. (1989) re-
vealed the existence of anomalies of the critical/plasma fre-
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quency at the ionospheric F2-peak (foF2) a few days before
several earthquakes. Currently, there are more than 200
ionosondes available worldwide; however, only a fraction
of them is routinely operated. Therefore, spatial and tem-
poral coverage of ionosonde observations are limited and
difficult to use systematically for correlation with seismic
activities. Moreover, because of the use of median and high
frequencies (MF and HF) of 1 - 20 MHz, ionosondes often
suffer from short-wave fadeout and in turn data gaps (Davies
1990).

On the other hand, due to developments in space tech-
nology, today there are thousands of ground-based receivers
of the global positioning system (GPS) deployed to monitor
the Earth’s surface deformation rates (see the papers listed in
Calais and Amarjargal 2000). Owing to the use of two ul-
tra-high frequency (UHF, f; = 1575.42 MHz and f, =
1227.60 MHz) waves, GPS signals are generally free from
short-wave fadeouts. Besides the Earth’s surface deforma-
tion observations, the same network of GPS receivers can
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also be used to simultaneously and continuously monitor the
ionospheric total electron content (TEC) (e.g., Sardon et al.
1994; Leick 1995; Liu et al. 1996). Researchers have re-
ported anomalous reductions in GPS-TEC (e.g., Liu et al.
2001, 2004a) and/or foF2 (Liu et al. 2000, 2006; Chuo et al.
2001, 2002) that appeared within 1 - 5 days prior to M > 6.0
earthquakes in Taiwan. Liu et al. (2004b) reported the statis-
tical result that the GPS-TEC and foF2 decreased before 144
M > 5.0 earthquakes in Taiwan during 1997 - 1999. More-
over, Chen et al. (2004) demonstrated the statistical signifi-
cance of observed foF2 anomalies within 1 - 5 days prior to
M > 5.0 earthquakes being related to such earthquakes in the
Taiwan area for the period 1994 - 1999. Liu et al. (2006)
defined the criteria for detecting pre-seismic events in the
ionosphere and then applied those criteria with foF2 and
184 M > 5.0 earthquakes in Taiwan between 1994 and 1999.
Their study showed both positive and negative anomalies
but that only the negative ones yielded statistical signifi-
cance. They found, after removing geomagnetic storm ef-
fects, that ionospheric foF2 significantly decreased during
the afternoon period 1 - 5 days before the earthquakes.
Based on the statistical results, scientists (Liu et al. 2000,
2001, 2002, 2004a, b; Chuo et al. 2002) claimed that the
pre-earthquake anomalies in the ionospheric foF2 or GPS-
TEC appeared on 3 and 4 days before the Chi-Chi earth-
quake (M, 7.6, M 7.3), and 1 and 3 days prior to the Chia-Yi
earthquake (M 6.4). However, these studies have not been
crosschecked by simultaneous data sets observed at other
places to confirm that the observed ionospheric anomalies
were related to the earthquakes.

In this paper, we conduct a spatial analysis by cross-
examining simultaneous data of NmF2 and GPS-TEC in
Taiwan, Japan, and other places to find whether the anoma-
lies observed in Taiwan during three periods of the Chi-Chi
earthquake, the Chia-Yi earthquake, and between the two
are local or global phenomena. The NmF2 and TEC are de-
rived by local ionosondes and GPS receivers in Taiwan and
Japan, while GPS-TEC at other places are retrieved from the
global ionosphere maps (GIM) published by the Center for
Orbit Determination in Europe (CODE; ftp:/ftp.unibe.ch
/aiub/CODE/).

2. DATA ANALYSIS

The My, 7.6 (ML 7.3) Chi-Chi earthquake occurred at
0147 LT (120 EMT), 21 September 1999 (1747 UT, 20 Sep-
tember) in central Taiwan. This large earthquake results in
surface ruptures extending over about 85 km along the
Chelungpu fault with vertical thrust and left lateral strike-
slip offsets (Ma et al. 2000). About a month later, at 1018 LT
(120 EMT), 22 October 1999 (0218 UT, 22 October), the
M, 6.4 Chia-Yi earthquake occurred at about 55 km south-
west of the epicenter of the Chi-Chi earthquake. The Chi-
Chi earthquake is the largest event in Taiwan in the last cen-

tury (Chang et al. 2000; Shin et al. 2000) and the Chia-Yi
earthquake was another very large event that occurred soon
after the Chi-Chi earthquake. The origin time, location, and
magnitude of earthquakes in the Taiwan area during the
study period can be retrieved from Central Weather Bureau
Seismological Network (CWBSN).

To confirm the ionospheric anomalies being related to
the two earthquakes as reported previously (Liu et al. 2000,
2001, 2004a; Chuo et al. 2001, 2002), we analyze the F2-
peak electron density (NmF2) derived from the foF2 not
only at Chung-Li (CHL; 25.0°N, 121.2°E) in Taiwan but
also at Kokubunji (KKB; 35.7°N, 139.5°E) in Japan (Fig. 1).
Note that CHL is close to the two epicenters while KKB is
far from them allowing for monitoring both inside and out-
side the two earthquake areas, respectively.

Taiwan is located in a seismically active zone of the rim
encircling the Pacific Ocean and, therefore, earthquakes
occur frequently. For instance, the recurrence interval of
an M > 5.0 earthquake between 1991 and 1999 was about
13 - 15 days (Liu et al. 2004a). To minimize possible con-
founding effects of consecutive earthquakes and properly
identify the abnormal signals, we computed the mean NmF2
(NmF2 e0n) values for the previous 15 days, and the associ-
ated standard deviation (o) as a reference at specific times.
Then, we derived the normalized NmF2 (NmF2*) values by
the following equation:

NmF2¥(t) = NmF2(t) — NmF2 . (t) "

o(t)

The sampling interval at CHL is 15 and 60 min. at KKB. If
the NmF2* falls out of -2c (t), we then declare that the ab-
normal signal is detected.

Meanwhile, by using the GAMIT software, widely
adopted in geodesy and earth sciences, two co-located TECs
derived from GPS receivers S105 (23.0°N, 121.1°E) in
Taiwan and TSKB (36.1°N, 140.1°E) in Japan (Fig. 1) are
calculated. GAMIT is a comprehensive GPS analysis pack-
age developed at the Massachusetts Institute of Technology
(MIT) and the Scripps Institution of Oceanography (SIO)
for the estimation of three-dimensional relative positions of
ground-based receivers and satellite orbits (King and Bock
2004). Note that the GPS-TEC derived by the GAMIT is
considered as an observation without any further smoothing
or interpretation process. Similar to Eq. (1), the normalized
TEC (TEC*) is given as:

TECH(1) - TEC(t) — TEC .. (1) )

o(t)

where the TEC* is derived every 30 sec and averaged every
15 min. Moreover, for estimating the spatial extent of TEC
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anomalies in detail, we computed TEC data in the Oki-
nawa-Kyushu area using GPS data observed by the GPS
Earth Observation Network (GEONET) (Miyazaki et al.
1997). The Okinawa area is located at almost the same lati-
tude as Taiwan, 24 - 27°N but slightly shifted in the longi-
tude, 123 - 131°E, while the Kyushu area is located in 27 -
34°N and 129 - 132°E.

To obtain GPS-TEC values at any location, the GIM is
ideally used. The GIM is generated on a daily basis at CODE
using data from GPS sites of the International GNSS Service
(IGS) and other institutions. The vertical TEC is modeled in
a solar-geomagnetic reference frame using a spherical har-
monics expansion. In 1999, the degree and order of the
spherical harmonics expansion were 12 and 8, respectively.
Piece-wise linear functions are used for representation in the
time domain. The spatial resolution is 2.5-degree in latitude,
and 5-degree in longitude and the temporal resolution is 2
hours. Schaer (1999) describes the computational algorithm
in detail. For simplicity of cross comparison among the ob-
servations, we linearly interpolate yielding a 15-minute re-
solution at a certain location. Remember that the GIM-TEC
is obtained via the spherical harmonics expansion and the
linear interpolation. Similarly, the normalized GIM-TEC
(GIM-TEC*) can be given as:

IM-TEC(t) — GIM-TE
GIM-TEC*(t) = G c(t) -6 C e (1) )

o(t)

Taiwan is also right under the well-known equatorial ion-
ization anomaly (EIA) (Ratcliffe 1972) region. To have a suit-
able cross comparison, GIM-TEC at four EIA regions, $30
(14.3°N, 30.0°E), ¢$120 (22.1°N, 120.0°E), ¢$210 (10.1°N,
150.0°W), and ¢300 (2.0°N, 60.0°W) have been isolated
(Fig. 1). Note that the magnetic latitudes of these four EIA re-
gions are 12.0°N. In addition, we extract GIM-TEC* co-lo-
cated at CHL and KKB (denoted, CHLg and KKBg) for fur-
ther references. Table 1 summarizes locations of the iono-
sondes, the GPS receivers, and the GIM points in detail. Mean-
while, at low latitudes such as Taiwan, the ionospheric NmF2
and/or TEC also could be depressed about a few hours to 2
days after geomagnetic storm onsets (Kelley 1989; Davies
1990). To ensure that an observed NmF2 and/or TEC anoma-
lous depression is earthquake related, we require that the re-
duction of the geomagnetic index Dst does not exceed -70 nT,
otherwise it is considered to be geomagnetic storm related.

3. RESULT AND INTERPRETATION
Figure 2 displays that variations of NmF2 at CHL and
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Table 1. Locations of ionosondes, GPS receivers, and GIM-TEC points.

Station Geographic latitude Geographic longitude Geomagnetic latitude
Chung-Li (CHL) 25.0°N 121.2°E 15.0°N
Kokubunji (KKB) 35.7°N 139.5°E 26.8°N
S105 23.0°N 121.1°E 13.0°N
0497 25.8°N 131.2°E 16.3°N
TSKB 36.1°N 140.1°E 27.2°N
$30 14.3°N 30.0°E 12.0°N
$120 22.1°N 120.0°E 12.0°N
$210 10.1°N 150.0°W 12.0°N
$300 2.0°N 60.0°W 12.0°N
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TEC at S105 yield low values on 17 and 18 September,
which are days 4 and 3 before the Chi-Chi earthquake. The
variations of TEC at Minami-daitoh (0497; 25.8°N, 131.2°E)
in the Okinawa area show similar tendencies with S105. In
order to detect anomalies, we calculated the running stan-
dard deviation o of the previous 1 - 15 days and normalized
the observed value on the 16th day. Figure 3 illustrates varia-
tions of the normalized quantities of NmF2*, TEC*, and
GIM-TEC*. It may be seen that the NmF2* at CHL and
TEC* at S105 exceed the lower threshold of -2 on 17 and
18 September, which are 4 - 3 days before the Chi-Chi earth-
quake. It is surprising to see that the GIM-TEC* at CHLg
decreases, slightly exceeding -2c on 17 September, but no
clear reduction is observed on 18 September. By contrast,
the NmF2* at KKB, TEC* at TSKB, and GIM-TEC* at
KKBg decrease, exceeding the -2 lower threshold on 15

and 16 September (days 6 and 5 before the earthquake). Al-
though TEC* at TSKB and GIM-TEC* at KKBg decrease
slightly exceeding -2c on 17 September, no decrease feature
is found on 18 September. Note that the NmF2* at KKB is
about -2 on 17 but not on 18 September. The TEC* at 0497
is about -3c on 17 September. In general, the trends of
GIM-TEC* are similar to those of TEC* and NmF2* in
Taiwan and in Japan. Moreover, GIM-TEC* at $30, ¢$120,
9210, and $300 decrease approaching -2c on 17 and those
on 18 September stay within +2c (within normal variation).
This suggests a global effect appearing on 17 September.
After the geomagnetic storm sudden commencement (SSC)
on 22 September, the related reduction anomaly of TEC* at
S105 is detected on 23 September. In this period, due to an
electric power failure caused by the Chi-Chi earthquake,
NmF2 was not constantly recorded at CHL.
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Figures 4 and 5 reveal variations of the NmF2, TEC,
GIM-TEC, Kp index, Dst index, and seismic activity as well
as the associated normalized values during the period be-
tween the Chi-Chi earthquake and the Chia-Yi earthquake,
from 27 September to 15 October, respectively. Again due to
the power failure after the Chi-Chi earthquake, the CHL
ionosonde yields many data gaps in the NmF2* data (Fig. 5).
Notice that the value of TEC* at S105 decreased beyond -2
on 1 October.

Variations of the NmF2, TEC, GIM-TEC, Kp index,
Dst index, and the seismic activity from 16 to 28 October
are illustrated in Fig. 6. The geomagnetic condition is rela-
tively quiet until 21 October, which is one day before the
Chia-Yi earthquake. In Fig. 6, it may be seen that the daily
maximum values of NmF2 at CHL and TEC at S105 on 21
October are small in comparison with the other days. In
fact, on 19 and 21 October, days 3 and 1 before the Chia-Yi

earthquake, the NmF2* at CHL decreases exceeding the
-20 threshold (Fig. 7). However, the GIM-TEC* at CHLg
does not show any anomalous behavior on those days.
Moreover, the NmF2* at KKB, the TEC* at TSKB and
0497, and the GIM-TEC* at KKBg do not decrease ex-
ceeding the -2c threshold on 19 and 21 October either.
Similarly, the GIM-TEC* values at ¢$30, ¢120, $210, and
$300 do not decrease exceeding -2c on days 3 and 1 before
the Chia-Yi earthquake. Although the causal relation is not
understood, the GIM-TEC* at $300 decreased significantly
exceeding -26 on 18 October.

Table 2 displays the correlation coefficients between
TEC* computed by GAMIT and co-located NmF2* re-
corded by CHL ionosonde as well as TEC* and co-located
GIM-TEC* in Taiwan and Japan during the three periods.
For all three periods, the correlation coefficients between
TEC* and NmF2* (or TEC* and GIM-TEC¥*) in Japan are
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greater than those in Taiwan, respectively. In fact, each cor-
relation coefficient between TEC* and NmF2* is greater
than that between TEC* and GIM-TEC*, correspondingly.
Meanwhile, it is interesting to find that the correlation co-
efficients between TEC* and GIM-TEC* yield the two
smallest values during the Chi-Chi earthquake and the Chia-
Yi earthquake periods.

4. DISCUSSION AND CONCLUSION

Shiokawa et al. (2002) reported that three sequential
magnetic storms onset at 0900 UT on 12 September, 2000 UT
on 13 September, and 2200 UT on 14 September. Since ion-
ospheric electron density might significantly decrease from
a few hours to two days after a SSC or storm onset (Kelley
1989; Davies 1990), the decrease anomalies of TEC*, NmF2*,

and GIM-TEC* observed in Japan on days 6 and 5 before
the Chi-Chi earthquake (15 and 16 September) shown in
Fig. 3 are most likely related to the reported storms. Follow-
ing the three storms during 12 - 14 September, two geomag-
netic SSCs occurred at 0753 and 2025 UT on 15 September
(http://isgi.cetp.ipsl.fi/). Figure 3 reveals that all the obser-
vables, (except GIM-TEC* at $30) significantly decrease on
17 September (day 4 before the Chi-Chi earthquake). TEC*
values on 17 September of all stations in the Okinawa-
Kyushu area also exceed -2c. These results strongly suggest
that the decrease anomalies are related to the storm on 15
September. By contrast, the reduction anomalies appear only
at CHL and S105 in the Taiwan area on 18 September, day 3
before the Chi-Chi earthquake. It is surprising to find that
GIM-TEC* in Taiwan does not significantly decrease on the
day. Recall that to construct a GIM, isolated ground-based
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GPS receivers scattered worldwide are needed. The TECs
derived from data recorded at the isolated receivers are fur-
ther interpolated by means of the spherical harmonics to
obtain the GIM. Therefore, in a place without isolated GPS
receiver, the GIM-TEC is obtained by interpolation, which
might introduce inaccuracy. The list (ftp:/ftp.unibe.ch/aiub
/CODE/1999/P1P29909_ALL.DCB.Z) in September 1999
shows that the isolated receivers near Taiwan are at PIMO
(14.6°N, 121.1°E), GUAM (13.6°N, 144.9°E), WUHN
(30.5°N, 114.4°E), DAEJ (36.4°N, 127.4°E), and TSKB,
which, in fact, are all rather far from Taiwan. Nevertheless,
significant reductions appeared in NmF2* at CHL and TEC*
at S105, inside Taiwan but not in TEC* at TSKB and 0497,
GIM-TEC* at KKBg, and NmF2* at KKB. On the other
hand, in the Okinawa-Kyushu area, TEC* at Haterumajima
(0751; 24.1°N, 123.8°E) exceeds the -2c threshold. The

TEC* values at the other stations in the western Okinawa
area also decrease to about -2c. This indicates that the
anomalies on 18 September (day 3 before) may be associ-
ated with the Chi-Chi earthquake.

Figure 5 indicates that the TEC* decreased at S105 on 1
October. According to Liu etal. (2006), ionospheric electron
density should significantly decrease within days 1 - 5 be-
fore M > 5.0 earthquakes in Taiwan. Therefore the anomaly
at S105 on 1 October is unlikely related to the Chia-Yi earth-
quake on 22 October 1999. However it is interesting to find
that four moderate earthquakes, M 5.12, M 5.3, M 5.05, and
M 5.01 occurred on 1, 3, 4, and 5 October 1999, which are 0,
2, 3, and 4 days after the anomaly, respectively. Moreover,
for these days, the decrease in TEC* at TSKB, NmF2* at
KKB, and GIM-TEC* at all observation points did not ex-
ceed the -2o threshold. Since geomagnetic conditions are
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Fig. 7. The normalized quantities NmF2*, TEC*, and GIM-TEC*, as well as the geomagnetic Kp index, Dst index, and M > 5.0 seismic activity dur-
ing the Chia-Yi earthquake period from 16 October to 28 October 1999.

Table 2. The correlation coefficients between TEC* and NmF2*, TEC* and GIM-TEC*.

TEC* - NmF2* TEC* - GIM-TEC*
Taiwan Japan Taiwan Japan
S105 - CHL TSKB - KKB S105 - CHLg TSKB - KKBg

14 - 26 September 0.77 0.82 0.45 0.72

27 September - 15 October 0.74 0.78 0.63 0.74

16 - 28 October 0.67 0.81 0.51 0.80
relatively quiet during this period, the anomaly appearing on anomalies on 19 and 21 October are registered by NmF2* at
1 October is a local phenomenon and possibly related to the CHL and TEC* at S105 and in the western Okinawa area,
four earthquakes. but not by NmF2* at KKB, TEC* at TSKB nor in the eastern

During the Chia-Yi earthquake period, the reduction Okinawa and Kyushu area, nor for GIM-TEC* at six points
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(CHLg, KKBg, $30, $120, $210, and $300). Once again, no
anomaly in the GIM-TEC* at $120 might have resulted from
the fact that no GPS receiver in Taiwan was included in the
list of GPS receivers for the computation of the GIM in
October 1999 (ftp://ftp.unibe.ch/aiub/CODE/1999/P1P29910 _
ALL.DCB.Z). Nevertheless, the spatial analysis indicates
that the anomalies in Taiwan on days 3 and 1 before the
Chia-Yi earthquake (19 and 21 October) are local pheno-
mena around Taiwan.

The distance between Taiwan and Tokyo Japan is about
2200 km. The anomalies of the Chi-Chi, Chia-Yi, and the
M 5 earthquakes can only be observed in the Taiwan and
western Okinawa area, which suggests that the extent of the
reach of the disturbances due to these earthquakes is shorter
than 2200 km. Dobrovolsky et al. (1979) propose that the
radius R of earthquake preparation area, in which precur-
sory signals are observed, can be given as R = 10°*™, where
M is the earthquake magnitude. For the largest event in
this study, the Chi-Chi My, 7.6 earthquake, we obtain R =
1854 km. Therefore, both the observation and theoretical
estimation indicate that a spatial comparison of data si-
multaneously recorded at Taiwan and Tokyo may be used
to identify ionospheric anomalies associated with Taiwan
earthquakes.

Table 2 summarizes the correlations between the TEC*,
the GIM-TEC¥*, and the NmF2*. It is found in comparison
with Japan that there is a lack of good correlation between
TEC* and GIM-TEC* in Taiwan during the periods of the
Chi-Chi and the Chia-Yi earthquakes. The poor correlation
is certainly because there were no GPS stations in the Tai-
wan area for constructing the GIM in 1999. However, the
correlation should become even worse, when the anomalies
also appear during the two earthquake periods. In fact, the
poor correlation of Taiwan in Table 2 vice versa suggests
that the ionosphere was highly disturbed prior to the 1999
Chi-Chi and Chia-Yi earthquakes and that such disturbances
were local phenomena.

The spatial analysis in this study indicates that the re-
duction anomalies on day 3 before the Chi-Chi earthquake,
and days 3 and 1 before the Chia-Yi earthquake may be seis-
mically related. This finding is in agreement with the results
reported by Liu et al. (2000, 2001, 2004a) and Chuo et al.
(2001, 2002). The spatial extents of these anomalies did not
reach to the mid-latitude (i.e., the Tokyo and Kyushu area),
appeared only in the Taiwan and western Okinawa area in
the EIA region. This result supports that the EIA crest moves
equatorward as reported by Liu et al. (2001). On the other
hand, the significant NmF2 and TEC reductions on 17 Sep-
tember (4 days before the Chi-Chi earthquake) appeared not
only inside the Taiwan and western Okinawa area but also
outside (i.e., the eastern Okinawa, Kyushu, and Tokyo area),
indicating that the reduction anomalies were possibly af-
fected by a geomagnetic storm on 15 September (i.e., global
effect or non-earthquake related). In conclusion, this study

shows that spatial analysis could be useful in identifying
earthquake related anomalies.
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