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Evidence of the seismo-ionospheric precursor (SIP) is reported by statistically investigating the relation-
ship between the total electron content (TEC) in global ionosphere map (GIM) and 56 M > 6.0 earth-
quakes during 1998-2013 in China. A median-based method together with the z test is employed to
examine the TEC variations 30 days before and after the earthquake. It is found that the TEC significantly
decreases 0600-1000 LT 1-6 days before the earthquake, and anomalously increases in 3 time periods of
1300-1700 LT 12-15 days; 0000-0500 LT 15-17 days; and 0500-0900 LT 22-28 days before the earth-
quake. The receiver operating characteristic (ROC) curve is then used to evaluate the efficiency of TEC
for predicting M > 6.0 earthquakes in China during a specified time period. Statistical results suggest that
the SIP is the significant TEC reduction in the morning period of 0600-1000 LT. The SIP is further con-
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7 test firmed since the area under the ROC curve is positively associated with the earthquake magnitude.
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1. Introduction

Many research articles report that the seismo-ionospheric pre-
cursors (SIPs) are possibly associated with devastating earthquakes
(Akhoondzadeh et al., 2010; Heki, 2011; Liu et al., 2001, 2009,
2011; Pulinets et al., 2003; Pulinets and Boyarchuk, 2004; Xia
etal., 2011; Zhao et al., 2008). Statistical analyses are implemented
on characteristics, such as the amount of decrease or increase,
appearance local time, and duration of the SIPs in the electron den-
sity or total electron content (TEC) (Liu et al., 2000, 2004a, 2004b,
2006, 2009, 2010a, 2010b, 2013; Chen et al. 2004). For example, Liu
et al. (2006) find the SIP characteristics that the electron density
significantly decreases in the afternoon period 1-5 days before
M > 5.0 earthquakes in Taiwan. Based on the results of Taiwan,
Liu et al. (2009) statistically study the SIP in TEC of the global iono-
spheric map (GIM) (ftp://ftp.unibe.ch/aiub/CODE) associated with
35M > 6.0 earthquakes cataloged by China Earthquake
Administration (CEA, http://www.csndmc.ac.cn/newweb/catalog_
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direct_link.htm) that occurred in China during the 10-year period
of 1 May 1998 to 30 April 2008, and examine the SIP related to
the 12 May 2008 M8.0 Wenchuan earthquake. Liu et al. (2009)
simply count earthquakes with positive and negative anomalies
in GIM TEC over the epicenter, and claim the SIP with negative
anomalies in 3-5 days before the earthquake. However, it is not
possible to know the GIM TEC over the epicenter before the earth-
quake occurs. Therefore, for the practical application, Liu et al.
(2013) further examine GIM TEC at a fixed location (35°N, 90°E),
where is the center of 56 M > 6.0 earthquakes cataloged by
United States Geological Survey (USGS, http://neic.usgs.gov/neis/
epic/epic global.html) in China during 1998-2012. Again, Liu
et al. (2013) simply found the proportion of earthquakes with
positive and negative anomalies in GIM TEC at the fixed location,
and declare the SIP being negative anomalies in 2-9 days before
the earthquake. The simple proportion studies result in the SIP lead
times of Liu et al. (2009, 2013) been different. Therefore, a rigorous
statistical study detecting SIPs is required. Recently, Wang et al.
(2013) assessed the potential improvement in short-term earth-
quake forecasts from changes of ground deformation recorded
by GPS by using Molchan’s error diagram (Molchan, 1991;
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Molchan and Kagan, 1992), which motivates us to carry out the
statistical analysis examining the SIPs of GPS TEC in China.

In this study, GIM TECs are investigated for 56 M > 6.0 earth-
quakes occurred during 1998—-2013 from CEA. We not only apply
the z test (Neter et al., 1988) to search for the statistical signifi-
cance of the anomaly defined in Liu et al. (2009), but also employ
the receiver operating characteristic (ROC) curve (Swets, 1988) to
study the characteristics of the SIP associated with the earthquakes
in China.

2. Data analysis

Fig. 1 illustrates locations of the 56 M > 6.0 earthquakes
(Table 1) in China during 1998-2013. For the practical application,

we extract and examine the TEC at (35°N, 90°E) from the GIM dur-
ing the 1-30 days before and after the earthquakes. The GIM TEC
routinely published with 2-h time resolution is smoothed by using
linear interpolating with a cubic spline function (de Boor, 1978) to
obtain a value every 15 min. Therefore, there are 96 TEC observa-
tion points daily.

To identify possible ionospheric earthquake signatures, we
compute, as usual, at each time point, the median, first and third

quartiles of TEC, denoted by, M LQ and UQ, respectively, based on
previous 15-day TECs. We then set LB=M — k(M — LQ) and
UB = M + k(UQ — M) as lower bound and upper bound, respec-

tively, with a constant k satisfying 0 < k < M/(M — LQ). Note that
Liu et al. (2009) employ k = 1.5 and declare a negative or positive
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Fig. 1. Locations of the GIM TEC and the 56 M > 6.0 earthquakes in China during 1998-2013. The earthquake catalog is retrieved from China Earthquake Administration
(http://www.csndmc.ac.cn/newweb/catalog_direct_link.htm). The triangle denote (35°N, 90°E), the location of GIM TEC used in this paper.

Table 1
M > 6.0 earthquakes in China during 1998-2013.
Date Universal time Latitude (°N) Longitude (°E) Depth (km) Magnitude
1998/5/28 21:11 37.58 79.01 18 6.0
1998/7/20 1:05 30.2 88.36 31 6.0
1998/8/27 9:03 39.51 77.26 16 6.4
1998/11/19 11:38 27.27 101.03 33 6.1
1999/3/28 19:05 30.65 79.66 15 6.7
2000/1/14 23:37 25.59 101.19 32 6.4
2000/9/12 0:27 35.44 99.44 12 6.7
2001/2/23 0:09 29.55 101.14 24 6.0
2001/3/5 15:50 34.43 86.91 32 6.4
2001/4/12 10:47 24.96 99.13 4 6.0
2001/5/23 21:10 27.58 100.97 27 6.0
2001/10/27 5:35 26.33 100.62 12 6.1
2001/11/14 9:26 35.92 90.53 11 8.2
2002/6/29 6:54 34.21 94.27 22 6.1
2003/2/24 2:03 39.58 77.33 8 6.6
2003/4/17 0:48 37.56 96.52 15 6.6
2003/7/7 6:55 34.51 89.37 13 6.0
2003/7/21 15:16 25.99 101.27 10 6.3
2003/10/25 12:41 38.39 100.97 9 6.1
2003/12/1 1:38 42.96 80.71 14 6.1
2004/3/27 18:47 33.95 89.37 9 6.2
2004/7/11 23:08 30.61 83.57 18 6.6
2005/2/14 23:38 41.66 79.57 27 6.2
2005/4/7 20:04 30.62 83.73 16 6.6
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Table 1 (continued)

Date Universal time Latitude (°N) Longitude (°E) Depth (km) Magnitude
2005/6/1 20:06 28.93 94.6 26 6.1
2007/5/5 8:51 34.34 82.08 6 6.2
2007/6/2 21:34 23.08 101.13 6 6.7
2007/6/23 8:17 21.44 99.95 17 6.1
2008/1/9 8:26 32.39 85.27 10 6.8
2008/1/16 11:54 32.44 85.18 10 6.2
2008/3/20 22:32 35.64 81.54 21 7.5
2008/5/12 6:28 31.01 103.42 14 8.2
2008/5/13 7:07 30.95 103.42 14 6.1
2008/5/17 17:08 322 105.08 13 6.1
2008/5/25 8:21 32.55 105.48 14 6.4
2008/7/24 7:09 32.76 105.61 10 6.0
2008/8/1 8:32 32.02 104.85 14 6.2
2008/8/5 9:49 32.72 105.61 13 6.5
2008/8/21 12:24 24.91 97.79 14 6.1
2008/8/25 13:21 30.92 83.57 13 6.9
2008/8/30 8:30 26.3 102.06 19 6.3
2008/9/25 1:47 31.05 83.77 14 6.2
2008/10/5 15:52 39.58 73.67 27 7.0
2008/10/6 8:30 29.81 90.35 11 6.7
2008/11/10 1:21 37.66 95.91 16 6.6
2009/7/9 11:19 25.6 101.03 6 6.3
2009/7/24 3:11 31.25 86.05 13 6.0
2009/8/28 1:52 37.6 95.9 10 6.6
2009/8/31 10:15 37.74 95.98 7 6.1
2010/3/24 2:06 32.36 93.05 7 6.1
2010/4/13 23:49 33.22 96.59 14 7.3
2012/6/29 21:07 43.42 84.74 7 6.6
2012/8/12 10:47 35.94 82.56 28 6.3
2013/4/20 0:02 30.3 102.99 17 7.0
2013/7/21 23:45 34.54 104.21 15 6.7
2013/8/11 21:23 30.04 97.96 15 6.1
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Fig. 2. Time series of GIM TEC at (35°N, 90°E) in May 2008. The red curve is the observed GPS TEC, denoted later by O. The three gray curves are the associated upper bound
(UB), median, and lower bound (LB). The black curve is the STEC. The gray and black shaded areas denote differences of O-UB and LB-O, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The median values of STEC in 30 days before and after earthquakes with magnitude (a) M > 6.0, (b) M > 6.5 and (c) M > 7.0. The contour denotes significant z test at
significance level 0.05. Zones A and B are for TEC reduction, 1-6 days before earthquake, in the afternoon period 1300-1700 LT and morning period 0600-1000 LT,
respectively. Zones C, D, and E are for TEC enhancement during 1300-1700 LT 12-15 days before earthquake, 0000-0500 LT 15-17 days before earthquake, and 0500-0900 LT
22-28 days before earthquake, respectively.
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Fig. 4. Percentages of the earthquakes with negative (black dot) and positive (gray dot) precursory days that appear 30 days before and after the earthquakes in China during
1998-2013 in the (a) 1300-1700 LT, (b) 0600-1000 LT, (c) 0000-0500 LT and (d) 0500-0900 LT. The black bar represents the amount of percentage in which negative
anomaly is over positive anomaly, while the gray bar denotes the amount of percentage in which positive anomaly is over negative anomaly.
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Fig. 4 (continued)

anomaly if an observed TEC value falls outside the associated
LB or UB. They further define the negative or positive SIP for an
earthquake if more than one third of negative or positive
anomalies occurred in the afternoon period of 1300-1700 LT. To

see the relative difference of TEC and its reference value, M we
compute the standardized total electron content change STEC as
given by

STEC = (TEC — M)/M. (1)

Then, a negative or positive anomaly occurs when

STEC < —k(1 — LQ/M) or STEC > k(UQ/M — 1).

Fig. 2 illustrates the observed TEC over the monitoring point
(35°N, 90°E) for the 2008 M8.0 Wenchuan earthquake and its ref-
erence values, including the median value and the upper/lower
bounds with k=1.5 as well as the sTEC. The observed TEC tends
to decrease in the morning period day 1-4 before the earthquake
which is in a good agreement with the results in Liu et al.
(2009). In general, the 6TEC and anomalous TEC value exceeding
the bounds are of similar tendency.

Note that the 6TEC can be easily computed without specifying
the cutoff value k. Therefore, we compute the median of §TEC at

each time point for 1-30 days before and after the 56 M > 6.0,
21M > 6.5, and 6 M > 7.0 earthquakes as displayed in Fig. 3.
The STEC median values apparently decrease 1-6 days before
the earthquakes and conversely increase 10-30 days before the
earthquakes.

To make a comparison with the results in Liu et al. (2009, 2013),
we apply the z test with cutoff value k = 1.5 to find possible zones
where the 6TEC values are statistically significant increase or
decrease. Let p be the observed proportion of earthquake-related
anomalies and po the background proportion of anomalies in the
entire 16 years. The z value is then given by

_ p 7p0 (2)
Po(1—po)/n

where n is the number of earthquakes. If z > 1.96, we claim, at sig-
nificant level 0.05, that p > po. The z test, or test based on z value, is
conducted for negative and positive anomalies, separately.

The contours in Fig. 3 with significant z test generally depicts
five zones, A-E, showing either negative or positive anomalous
OTEC values. Zone A is the one studied in Liu et al. (2009) with neg-
ative anomaly during the afternoon period 1300-1700 LT 1-6 days
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Fig. 4 (continued)

before earthquake. Zone B is, again, for TEC reduction 1-6 days
before earthquake but in the morning period 0600-1000 LT. On
the other hand, Zone C, D, and E are for TEC enhancement during
1300-1700 LT 12-15 days before earthquake, 0000-0500 LT 15-
17 days before earthquake, and 0500-0900 LT 22-28 days before
earthquake, respectively.

Here, we define the negative or positive precursory day in which
more than one third of STEC anomalies occurred during the specified
period in each of the five zones. Fig. 4 displays the percentages of the
earthquakes under study with negative and positive precursory
days and shows which kind of precursor is dominated. The observed
negative or positive precursors are, in general, consistent with what
we have in different zones as indicated in Fig. 3.

To find whether or not the TEC is a useful earthquake precursor,
we construct the ROC curve based on the §TEC. According to the
precursory information from Zone B in Fig. 3, for example, if a neg-
ative precursor with a cutoff value k appears during the morning
period 0600-1000 LT, earthquakes are then alarming for the fol-
lowing 6 days. We then compute the true positive rate (TPR) and
false positive rate (FPR) accordingly, where TPR is the probability
that an earthquake is successfully alarmed and FPR is the probabil-
ity to make a false alarm as given by

TPR = (No. of alarmed earthquake days)/(No. of earthquake days)
3)

and

FPR = (No. of alarmed non-earthquake days)/
(No. of non-earthquake days) (4)

Hence, the ROC curve with FPR as the x-axis and TPR as the y-axis is
obtained for a variety of possible cutoff value of k. The area under
the ROC curve (AUC) is used for assessing the effectiveness of the
TEC precursor (Bradley, 1997). Note that, when TPR = FPR, an equal
chance to alarm earthquake day and non-earthquake day, we have
AUC = 0.5. Therefore, a precursor has to meet AUC > 0.5. However,
to prevent issuing too often the false alarm for earthquakes, we pre-
fer a small value of FPR and require TPR > FPR.

To find the significance of the observed ROC curve, a
simulation-based statistical test for testing Hq (SIPs are randomly
observed) versus Hp (SIPs are not randomly observed) is per-
formed. We randomly generate earthquake days with the observed
ones during the study period, and then calculate the ROC curve and
the corresponding AUC for each simulation. Based on 500
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Fig. 4 (continued)

simulations, the p value, which is the proportion of the simulated
sequences with AUC larger than the observed AUC, is obtained.
Notice that the small p values (<0.05) lead to the rejection of the
null hypothesis Ho.

Fig. 5 displays the ROC curves of the five anomalous zones for
alarming earthquakes of different magnitudes. The gray curves
denote the 500 ROC curves based on the simulations. The associ-
ated AUCs and p values are also reported in Table 2. It can be seen
that almost all the AUCs are greater than 0.5, except that of
M > 6.0 in Zone A. The p values less than 0.05 show that SIPs in
Zone B, M > 6.5 in Zone C and M > 7.0 in Zone E are significant
and useful. Note that the precursory information from Zone B is
preferred for alarming M > 7.0 earthquakes since it has the largest
AUC and preserves a smallest FPR.

Other than AUC, we can use the cutoff value-dependent R score
(Shi, 2001; Chen et al., 2004) to evaluate the efficiency of SIP,
where R score = TPR-FPR. In fact, we can choose an optimal cutoff
value k to attain the maximum R score, which is called the Youden
index (Youden, 1950). The optimal cutoff values of the precursory
information from Zone B are k=3.5 for M > 6.0 earthquakes and
k=3.6 for M > 6.5 or M > 7.0 earthquakes. Moreover, the corre-
sponding Youden indexes are 0.17, 0.28 and 0.58 for earthquakes

with M > 6.0, M > 6.5 and M > 7.0, respectively. In particular,
for alarming M > 7.0 earthquakes, the Zone B-based precursor
with k = 3.6 produces TPR = 0.83 with FPR = 0.25. On the contrary,
using k = 1.5, the Zone B-based precursor gives TPR = 1.0, but yields
a false alarm rate as FPR=0.71.

3. Discussion and conclusion

Liu et al. (2000, 2006) find that the SIP of the ionospheric
F2-peak plasma frequency foF2 appear in the afternoon period of
1200-1800 LT 5 days before 184 (13) M > 5.0 (M > 6.0) earth-
quakes in Taiwan during 1994-1999. Liu et al. (2004a, 2004b) also
report that the SIP of the GPS TEC occur in the evening period of
1800-2200 LT 5 days prior to 20 M > 6.0 earthquakes in Taiwan
during 1999-2002. Based on the results obtained in Taiwan, Liu
et al. (2009, 2013) computed the proportions of negative and pos-
itive anomalies of the GIM TEC during the afternoon and evening
period, and found that the SIP is the negative anomalies appearing
3-5days and 2-9 days before the earthquakes in China, respec-
tively. By contrast, this paper provides solid statistical evidence
of the SIPs by means of z-test and ROC curve. The results in
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Table 2
AUCs in different zones.

Zone Type of anomaly Period Alarming days before EQK AUC (p value)?

M > 6.0 M > 6.5 M=>70
A Negative 1300-1700 LT 1-6 0.491 (0.568) 0.608 (0.054) 0.579 (0.240)
B Negative 0600-1000 LT 1-6 0.565 (0.032) 0.608 (0.050) 0.752 (0.004)
C Positive 1300-1700 LT 12-15 0.545 (0.128) 0.641 (0.016) 0.661 (0.096)
D Positive 0000-0500 LT 15-17 0.544 (0.114) 0.534 (0.318) 0.697 (0.060)
E Positive 0500-0900 LT 22-28 0.546 (0.096) 0.561 (0.158) 0.738 (0.024)

2 The bold font denotes the significant case with p value smaller than 0.05. EQK: the earthquake.
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Fig. 6. The average values of sTEC medians during morning period 0600-1000 LT 1-6 days before earthquakes and the area under the associated ROC curve (AUC). The empty
circle and bounds denote the average value and average value * standard error. The solid circle is the associated AUC.

Table 2 and Fig. 5 show that SIPs in China are most likely appearing
in the morning period 0600-1000 LT (Zone B), but not the after-
noon period 1300-1700 LT (Zone A) or the evening period 1800-
2200 LT adopted by Liu et al. (2009, 2013).

In this study, the z test at significance level 0.05 shows the SIP
appears prior to 56 M > 6.0 earthquakes in China during 1998-
2013 in the four different time/day zones. The GIM TEC reduction
is observed in the morning period 0600-1000 LT/1-6 days (Zone
B) and GIM TEC enhancement appears 1300-1700 LT/13-15 days
(Zone C), 0000-0500 LT/15-17 days (Zone D), and 0500-0900
LT/22-28 days (Zone E). Note that for M > 6.5 earthquakes, Zone
A (during 1300-1700/1-6 days) adopted by Liu et al. (2000,
2004a, 2004b, 2006, 2009, 2013) also becomes significant. Thus,
the ROC curve is then used to evaluate the SIPs as stated in the
above five zones. The ROC curves and the associated AUCs
recommend that a significant TEC reduction in the morning period
0600-1000 LT on 1-6 days (Zone B) provides with a reliable SIP for
M > 6.0 earthquakes in China. Moreover, Youden index suggests a
larger cutoff value for determining anomaly bounds which helps to
lower the chance of issuing false alarm for the earthquakes with
different magnitudes in China. The results suggest that instead of
k=1.5, k=3.5 should be adopted.

The statistical study confirms that SIPs of the GPS TEC in China
during the morning period 0600-1000 LT are significant and reli-
able. To further investigate whether or not the SIP is scientific
sound, we compute the median STEC in 0600-1000 LT 1-6 days
prior to each M > 6.0 earthquake in China. The average of 6TEC
medians along with its standard error are then calculated for earth-
quakes with different magnitudes. Fig. 6 shows that the average of
S6TEC medians is increasing with the associated earthquake magni-
tude and is closely related to the associated AUC. It implies that lar-
ger earthquakes have the greater preparation, and in turn release a
stronger SIP of GPS TEC. In conclusion, the z test and ROC curve

confirm that the SIP in China is the GPS TEC anomalously and sig-
nificantly decreasing in the morning period 0600-1000 LT.
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