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Recent studies have suggested that detectable ionospheric disturbances precede earthquakes. In the present study, variations 
in the vertical total electron content (TEC) for eight earthquakes with magnitudes of M ≥ 5.5 in the western United States were 
investigated during the solar maximum of 2013–2015 using United States total electron content (US-TEC) data provided by 
the National Oceanic and Atmospheric Administration. Analyses of 12 earthquakes with magnitudes of 5.0 ≤ M < 5.5 in the 
same region were also performed. The TEC variations were examined for 40 days, including the times when the earthquakes 
occurred. The results indicated a correlation between earthquakes with magnitudes of M ≥ 5.0 and ionospheric TEC 
anomalies. TEC anomalies occurred before 60% of the earthquakes. Additionally, they were more frequently observed for large 
earthquakes (75%, M ≥ 5.5) than for small earthquakes (50%, 5.5 > M ≥ 5.0). Anomalous increases in the TEC occurred 2–18 
days before the earthquakes as an ionospheric precursor, whereas solar and geomagnetic activities were low or moderate.
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1. INTRODUCTION 

Research on the TEC, which is used as an indicator for 

variations in the ionosphere, has been actively performed 

owing to the development of global positioning system 

(GPS) networks. Additionally, solar and geomagnetic activi-

ties have been studied as the main contributors to iono-

sphere changes, but recent studies have suggested that ion-

ospheric variations may be caused by seismic activity. 

Liperovskaya et al. (2006) analyzed the ionosphere data ob-

served at the Kokubunji and Akita stations in Japan to con-

firm that the ionospheric spread-F appeared before and af-

ter large earthquakes (magnitude M > 6.0) and proposed an 

association between the occurrence of spread-F and earth-

quakes. Additionally, Xia et al. (2011) identified the occur-

rence of TEC anomalies before and after three major earth-

quakes (M > 7.0) in Qinghai-Tibet, China. The TEC 

decreased 1–5 days before M ≥ 5.0 earthquakes in Taiwan 

(Liu et al. 2004, 2006a) and 1–6 days before M ≥ 6.0 

earthquakes in China (Liu et al. 2009). In contrast, the TEC 

anomalously increased 1–5 days before M ≥ 6.0 earthquakes 

in Japan (Liu et al. 2013; Ryu et al. 2016). In a recent study, 

anomalies in the TEC and plasma densities in the iono-

sphere were observed 2 days before Indonesia’s Java earth-

quake with a magnitude of 7.7 in 2006 (Tao et al. 2017). Ryu 

et al. (2014a, b) described the phenomenon in which seis-

mic activity around geomagnetic equatorial regions affects 

the equatorial ionization anomaly (EIA) strength, increasing 

the value of EIA during pre-seismic periods compared with 

the typical seasonal and spatial distribution. Later, Ryu et al. 

(2016) analyzed DEMETER observations for M ≥ 6 earth-

quakes in Northeast Asia to determine whether the connec-

tion between the seismic activity and the strengthening of 

the EIA was valid under mid-latitude seismic activity. For 

earthquakes with magnitudes of M ≥ 6.5 or hypocenter 

depths of Dh ≤ 30 km, it was confirmed that the normalized 

sequential plasma density (NEPD) index increased as an 

earthquake precursor. The NEPD index was defined as the 
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ratio of the mean electron density in the geomagnetic equa-

torial region ( 15λ < ° ) to that in the mid-latitude region 

(30 50λ° < < °). Fujinawa & Takahashi (1990) and Pulinets  

(2012) proposed that ionosphere variations associated with 

earthquakes can be caused by charged particle drift due to 

an anomalous electric field centered around the earthquake 

region, resulting in an irregular electron density. Other re-

searchers suggested that the atmospheric gravity wave can 

be generated when earthquakes occur, affecting the iono-

sphere (Weaver et al, 1970; Hayakawa, 1999; Liu et al, 2006b).

In the present study, for earthquakes in the United States 

(i.e., longitude range of 150°W to 50°W and latitude range of 

30°N to 50°N) between January 2013 and December 2015, 

i.e., the period of maximum solar activity, the changes in 

the ionosphere were analyzed using vertical TEC (VTEC) 

data provided by the National Oceanic and Atmospheric 

Administration (NOAA). We intended to identify TEC 

variations over a period of 40 days, including the times of 

the earthquake, for four areas with earthquakes having 

magnitudes of M ≥ 5.5: Ferndale (M = 6.8 on March 10, 2014; 

M = 5.7 on January 28, 2015), Port Hardy, Canada (M = 5.5 

on August 4, 2013; M = 6.5 on April 24, 2014; M = 5.7 on 

September 24, 2015), Oregon (M = 5.5 on December 1, 2013; 

M = 5.9 on June 1, 2015), and South Napa (M = 6.0 on August 

24, 2014). Earthquakes in Port Hardy, Canada are included 

in the study area. Additionally, the TEC variations due to 

earthquakes with magnitudes of 5.0 ≤ M < 5.5 in four areas 

were examined. We focused on large earthquakes because 

ionospheric changes can occur for various reasons (Jo et al. 

2019; Hong et al. 2019) and the association of such changes 

with earthquakes may not be clear for small earthquakes.

2. METHODS

2.1 VTEC 

The TEC is an important descriptive physical quantity for 

the ionosphere, representing the total number of electrons 

between two points, along a tube with a cross section of 1 

m2, i.e., the electron columnar number density. The TEC 

unit (TECU) is defined as 1016 el/m2. The TEC is important 

for determining the scintillation and group and phase 

delays of a radio wave propagating through a medium. The 

ionospheric TEC is characterized by observing the phase 

delays of received radio signals transmitted by satellites lo-

cated above the ionosphere (often GPS satellites). The VTEC 

is determined by integrating the electron density in the 

direction perpendicular to the ground station route, and the 

slant TEC (STEC) is determined by integrating the electron 

density over any straight path (Wikipedia 2019). 

Fig. 1 shows the locations of the earthquakes investigated 

with GPS stations in the United States to obtain the TEC 

values. The NOAA Space Weather Prediction Center collects 

and provides TEC data by dividing the area in the longitude 

range of 150°W to 50°W and latitude range of 10°N to 60°N 

with intervals of 1°. In this study, VTEC data with 15-min 

intervals obtained using radio wave signals received from 

GPS satellites were used. The spatial resolution of the TEC 

observations was 1° × 1°, which may fully cover the area 

Fig. 1. United States TEC (US-TEC) map for April 27, 2014 from 12:00 to 12:15 UTC. (○: NGS CORS 
Network (National Geodetic Survey, Continuously Operating Reference Stations Network); △: GPS/
Met Network (Meteorological application of GPS data); ⋆: Real-Time IGS (International GNSS Service) 
Network; ■: locations of the earthquakes). TEC, total electron content; GPS, global positioning system.
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where an earthquake occurred.

2.2 Earthquake and TEC Data Analysis Method

We investigated the TEC variations caused by eight 

earthquakes with magnitudes of M ≥ 5.5 and 12 earthquakes 

with magnitudes of 5.5 > M ≥ 5.0 in the United States during 

the solar-maximum period of 2013–2015. The seismic data 

in Table 1 were provided by the United States Geological 

Survey and were used to identify the location, time of occur-

rence, epicenter depth, and magnitude for each earthquake.

To analyze the trends of the TEC variations, the median 

value of the TEC data observed for 40 days before and after 

the earthquake was set as a representative value, and the 

upper and lower bounds were set as (median + 1.64 × σ) 

and (median − 1.64 × σ), respectively, to check for TEC 

anomalies (Liu et al. 2000, 2004, 2009). Here, σ represents 

the standard deviation. Thus, the upper bound was defined 

if the data were greater than the standard value Z = 1.64 

(probability p = 0.05) of the standard normal distribution 

and the lower bound was less than Z = −1.64 (probability p 

= 0.05). Because TEC values can change owing to solar or 

geomagnetic activity, the F10.7, Kp, and Dst indices, which 

reflect the solar and geomagnetic activities, were examined 

to confirm that the earthquakes were the main factors influ-

encing the TEC values. The TEC data were represented with 

the following unit: TECU = 1016 el/m2.

3. RESULTS AND DISCUSSIONS

Nine earthquakes with a magnitude of M ≥ 5.5 occurred 

in the western United States from 2013 to 2015, which was 

the maximum period of solar cycle 24. In the case of the 

Greenville earthquake (M = 5.7, on May 24, 2013), it was 

difficult to determine whether the TEC variations were 

caused by the earthquake or the geomagnetic activity, 

which was considerable. Analyses were conducted for 

eight earthquakes during which the geomagnetic and solar 

activities were relatively low or moderate. Additionally, to 

identify the TEC variations depending on the magnitude of 

the earthquake, we investigated the changes in the TEC due 

to earthquakes with magnitudes of 5.0 ≤ M < 5.5 in four ar-

eas (Ferndale, Port Hardy, Oregon, and South Napa) where 

earthquakes with magnitudes of M ≥ 5.5 occurred.

3.1 M ≥ 5.5 Earthquakes

Figs. 2–8 show the changes in the TEC for the 20 days be-

fore and after earthquakes, including the observations (black 

line), associated median (red line), upper bound (blue line), 

and lower bound (green line) of the TEC. In this study, TEC 

values above the upper bound and below the lower bound 

were defined as upper and lower anomalies, respectively. 

The figures also present the variations of Kp, Dst, and F10.7 

over time.

Table 1. List of earthquakes (EQ) with magnitudes of M ≥ 5.0 in 2013–2015 (UCGS). Earthquakes with magnitudes of 5.0 ≤ M < 5.5 in 
the four regions where M ≥ 5.5 earthquakes occurred in 2013–2015 were investigated

Location EQ Date (mm.dd.yyyy) Time (UTC) Location of epicenter Focal depth (km) Magnitude

Ferndale 1 03.10.2014 05:18:13 40.829°N, 125.134°W 16.4 6.8

2 01.01.2015 12:16:14 40.442°N, 125.775°W 23.9 5.4

3 01.28.2015 21:08:53 40.318°N, 124.607°W 16.9 5.7

Port Hardy 4 08.04.2013 13:22:27 49.661°N, 127.429°W 10.0 5.5

5 11.08.2013 11:44:56 50.039°N, 130.189°W 10.0 5.0

6 04.24.2014 03:10:10 49.639°N, 127.732°W 10.0 6.5

7 12.21.2014 09:40:47 50.790°N, 130.520°W 10.0 5.2

8 03.04.2015 08:35:07 50.270°N, 129.920°W 8.7 5.1

9 03.25.2015 19:22:44 49.415°N, 128.172°W 13.1 5.1

10 07.30.2015 00:31:03 50.558°N, 130.092°W 10.0 5.0

11 09.24.2015 13:48:58 50.783°N, 130.208°W 10.0 5.7

12 10.22.2015 23:07:38 50.801°N, 129.962°W 10.0 5.1

Oregon 13 01.30.2013 03:14:28 43.638°N, 127.620°W 10.0 5.4

14 02.27.2013 22:25:43 43.220°N, 126.564°W 10.0 5.2

15 12.01.2013 03:19:38 41.683°N, 126.878°W 10.1 5.5

16 03.12.2014 00:31:44 44.311°N, 129.081°W 10.0 5.1

17 05.12.2014 18:51:00 43.707°N, 128.097°W 10.0 5.1

18 11.23.2014 11:01:25 43.819°N, 128.547°W 10.0 5.2

19 06.01.2015 20:11:30 44.497°N, 129.958°W 10.0 5.9

South Napa 20 08.24.2014 10:20:44 38.215°N, 122.312°W 11.1 6.0
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Fig. 2 shows the variations in the TEC and the Kp, Dst, 

and F10.7 indices over time, including the times when 

earthquakes (EQ1, EQ3) occurred in Ferndale. The EQ was 

a representation of when an earthquake occurred. Analysis 

of the TEC variations revealed that for the EQ1 earthquake 

(M = 6.8), the upper anomaly appeared 10 days before the 

earthquake. Additionally, for the EQ3 earthquake (M = 5.7), 

upper anomalies appeared 7–12 days after the earthquake; 

in particular, 10 days after the earthquake, a relatively 

high upper anomaly was observed. For the EQ1 and EQ3 

earthquakes, the values of TEC, which were 33.5% and 

25.0% higher than the upper bound, respectively, exhibited 

significant changes. When the upper anomalies were high, 

the Kp values were < 4, and the Dst did not fall below −50 nT, 

indicating that the geomagnetic activity was low. The F10.7 

values were mostly < 150, indicating that the solar activity 

was moderate. Thus, the geomagnetic and solar activities 

were low or moderate, and the sudden changes in the TEC 

are attributed to other factors. On March 17, 2014 (Fig. 2(a)), 

the Kp values were > 6, and the Dst values were reduced to 

−132 nT, but no TEC anomaly was observed. Therefore, the 

TEC anomalies shown in Fig. 2 are assumed to be attributed 

to the effect of the earthquake. 

Fig. 3 presents the changes in the TEC and the Kp, Dst, 

and F10.7 indices for the 20 days before and after the earth-

quakes (EQ6, EQ4, and EQ11) in Port Hardy. For the EQ6 

earthquake (M = 6.5), the upper anomalies were observed 5 

and 17 days before earthquake. For the EQ4 earthquake (M 

= 5.5), the upper anomalies appeared 10–11 days before and 

18 days after the earthquake. For the EQ11 earthquake (M 

= 5.7), numerous upper anomalies appeared after 4 days of 

the earthquake, and a particularly high upper anomaly was 

observed 7 days after the earthquake. For the EQ6 and EQ11 

Fig. 2. Ionospheric TEC variations 20 days before and after (a) the M = 6.8 
earthquake (EQ1) on March 10, 2014 and (b) the M = 5.7 earthquake (EQ3) on 
January 28, 2015 in Ferndale (top panel). The observations (black), associated 
medians (red), upper bounds (blue), and lower bounds (green) of the TEC are 
presented. Additionally, the variations of the Kp, Dst, and F10.7 indices are 
shown. The vertical dashed line and EQ represent the occurrence of the main 
earthquake. TEC, total electron content.

Fig. 3. Ionospheric TEC variations 20 days before and after (a) the M = 6.5 
earthquake (EQ6) on April 24, 2014; (b) the M = 5.5 earthquake (EQ4) on 
August 4, 2013; and (c) the M = 5.7 earthquake (EQ11) on September 24, 2015 
in Port Hardy (top panel). The Figure description is the same as in Fig. 2. TEC, 
total electron content.
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earthquakes, TEC values of 24.6% and 48.0% (higher than 

the upper bound), respectively, were observed. On the days 

when upper anomalies were observed, the geomagnetic 

activity was low, as the Kp values were < 4 and the Dst val-

ues were higher than −50 nT. The F10.7 was generally < 150, 

indicating that the solar activity was moderate. In the case 

of Fig. 3(c), the Kp values were > 7, and the Dst values were 

lower than −124 nT, but no TEC anomaly was observed.

Fig. 4 presents the changes in the TEC and the Kp, Dst, 

and F10.7 indices for the 20 days before and after the earth-

quakes (EQ15, EQ19) in Oregon. For the EQ15 earthquake 

(M = 5.5), an upper anomaly was observed 1 day after the 

earthquake. For the EQ19 earthquake (M = 5.9), an upper 

anomaly was observed 13–15 days before the earthquake; 

in particular, 14 days prior to the earthquake, a high upper 

anomaly was observed. For the EQ15 and EQ19 earth-

quakes, TEC values 30.0% and 42.0% higher than the upper 

bound, respectively, were observed. When upper anomalies 

were observed, the Kp index was < 5, and the Dst index was 

higher than −50 nT; thus, the geomagnetic activty was mod-

erate. The F10.7 index was generally below 150, indicating 

that the solar activity was moderate. In the cases of Figs. 4(a) 

and 4(b), the Kp values were approximately 6 and the Dst 

values were reduced to −80 nT, but no TEC anomaly was 

observed.

Fig. 5 presents the changes in the TEC and the Kp, Dst, 

and F10.7 indices over time for the earthquake (EQ20, M = 

6.0) in South Napa. Numerous upper anomalies were ob-

served after 13 days of the earthquake. The TEC values were 

21.8% and 39.0% higher than the upper bound. When the 

upper anomalies occurred, the Kp index was < 4 13–18 days 

after the earthquake, and the Dst index was higher than −50 

nT; thus, the geomagnetic activity was low. The F10.7 was 

generally < 150, indicating that the solar activity was mod-

erate. 19–20 days after the earthquake, the Kp index was > 6, 

and the Dst index was reduced to −80 nT. As shown in Figs. 

2 and 3(c), no TEC anomaly was observed even when the 

Kp index was > 6 and the Dst index was reduced to −150 nT. 

Therefore, it is possible that the TEC anomalies observed 20 

days after the earthquake were caused by the earthquake.

3.2 5.0 ≤ M < 5.5 Earthquakes

Figs. 6–8 show seven earthquakes for which anomalies 

were observed among the 12 earthquakes with magnitudes 

of 5.0 ≤ M < 5.5 in the areas of Ferndale, Port Hardy, and 

Oregon. The changes in the TEC and the Kp, Dst, and F10.7 

indices for the 20 days before and after the earthquakes are 

presented.

As indicated by the TEC results in Fig. 6, for the EQ9 

earthquake (M = 5.1), upper anomalies were observed 10 

and 18 days before and 6 days after the earthquake. For the 

EQ10 earthquake (M = 5.0), upper anomalies were observed 

3 days after the earthquake. For the EQ12 earthquake (M 

= 5.1), upper anomalies were observed on the day of the 

earthquake, 2 and 7 days before the earthquake, and 3–7 

days after the earthquake. For EQ9, EQ10, and EQ12, TEC 

values 36%, 15%, and 23.8% higher than the upper bound, 

Fig. 4. Ionospheric TEC variations 20 days before and after (a) the M = 5.5 
earthquake (EQ15) on December 1, 2013 and (b) the M = 5.9 earthquake 
(EQ19) on June 1, 2015 in Gold Beach, Oregon (top panel). The Figure 
description is the same as in Fig. 2. TEC, total electron content.

Fig. 5. Ionospheric TEC variations 20 days before and after the M = 6.0 
earthquake (EQ20) on August 24, 2014 in South Napa (top panel). The Figure 
description is the same as in Fig. 2. TEC, total electron content.
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respectively, were observed. The timing of the changes in 

the TEC values due to earthquakes with similar magnitudes 

in the same region may vary. When upper anomalies were 

observed, the Kp value was < 4, and the Dst index was high-

er than −50 nT. The F10.7 was < 150, indicating that the solar 

activity was moderate.

As shown in Fig. 7, for the EQ13 earthquake (M = 5.4), 

upper anomalies were observed 12 days before and 16 days 

after the earthquake. For the EQ16 earthquake (M = 5.1), 

an upper anomaly was observed 12 days before the earth-

quake. When significant TEC changes occurred, the TEC 

values were 39.9% and 32.6% higher than the upper bound 

for EQ13 and EQ16, respectively. As shown in Fig. 8, for the 

EQ17 earthquake (M = 5.1), an upper anomaly occurred 

18 days before the earthquake. For the EQ18 earthquake 

(M = 5.2), an upper anomaly occurred 14 days before the 

earthquake. When significant changes in the TEC values 

occurred, the TEC values were 15.8% and 21.0% higher than 

the upper bound for EQ17 and EQ18, respectively. When 

upper anomalies occurred, for the EQ13, EQ17, and EQ18 

earthquakes, the Kp value was < 4 and the Dst index was 

higher than −50 nT; thus, the geomagnetic activity was low. 

The F10.7 value was mostly < 150, indicating moderate solar 

activity. However, in the case of the EQ16 earthquake (Fig. 

7(b)), when the upper anomaly occurred, the Kp index was 

close to 5 and the Dst index was lower than −100 nT, indicat-

ing high geomagnetic activity. Additionally, the F10.7 was > 

150, indicating high solar activity. Therefore, for the upper 

anomaly in the case of the EQ16 earthquake, the effects of 

geomagnetic and solar activities could not be excluded.

Table 2 presents the TEC variations (anomalies) and 

the magnitudes of the earthquakes. For the 5.0 ≤ M < 5.5 

earthquakes, upper anomalies occurred 2–18 days before 

the earthquakes (50%, 6 of 12 events), and 1–16 days after 

Fig. 6. Ionospheric TEC variations 20 days before and after (a) the M = 5.1 
earthquake (EQ9) on March 25, 2015; (b) the M = 5.0 earthquake (EQ10) on 
July 30, 2015; and (c) the M = 5.1 earthquake (EQ12) on October 22, 2015 in 
Port Hardy (top panel). The Figure description is the same as in Fig. 2. TEC, 
total electron content.

Fig. 7. Ionospheric TEC variations 20 days before and after (a) the M = 5.4 
earthquake (EQ13) on January 30 and (b) the M = 5.1 earthquake (EQ16) on 
March 12, 2014 in Oregon (top panel). The Figure description is the same as in 
Fig. 2. TEC, total electron content.
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the earthquakes (42%, 5 of 12 events). For the 5.5 ≤ M < 

6.0 earthquakes, upper anomalies occurred 10–14 days 

before the earthquakes (80%, 4 of 5 events) and 1–18 days 

after the earthquakes (80%, 4 of 5 events). For the M ≥ 6.0 

earthquakes, upper anomalies occurred 10 and 17 days 

before the earthquakes (67%, 2 of 3 events) and 13 days after 

the earthquake (33%, 1 of 3 events); however, further studies 

are needed for this condition owing to the low frequency of 

these earthquakes. For all the M ≥ 5.5 earthquakes, upper 

anomalies were observed before or after the earthquake.

4. CONCLUSIONS

We analyzed the ionospheric variations caused by earth-

quakes using VTEC data for the United States provided by 

the NOAA. For eight earthquakes with magnitudes of M ≥ 5.5 

in the United States from 2013 to 2015, i.e., the maximum 

period of solar activity, we examined the changes in the TEC 

over a period of 40 days, including the times of the earth-

quakes. Additionally, we analyzed the TEC variations for 12 

earthquakes with magnitudes of 5.0 ≤ M < 5.5 that occurred 

during the analysis period, for four regions where M ≥ 5.5 

earthquakes occurred. The results indicated that upper 

anomalies occurred 2–18 days before and 1–18 days after 

the earthquakes. The occurrence time of the TEC anomalies 

varied, even for TEC anomalies due to similar magnitude 

earthquakes in the same area (Figs. 6–8). Among the 12 

earthquakes with magnitudes of 5.0 ≤ M < 5.5, upper anom-

alies occurred before the earthquake in six events (50%) and 

after the earthquake in five events (42%). Among the eight 

earthquakes with magnitudes of M ≥ 5.5, upper anomalies 

occurred before the earthquake in six events (75%) and 

after the earthquake in five events (62%). These results 

confirm that for earthquakes with a larger magnitude, 

more frequent anomalies occurred. The F10.7, Dst, and Kp 

indices indicated low or moderate solar and geomagnetic 

activities. Therefore, it was presumed that the foregoing 

TEC anomalies were caused by seismic effects. In previous 

studies, TEC variations occurred in a relatively short time 

span. Tao et al. (2017) observed the changes in the TEC 

and plasma density 2 days before the 2006 earthquake (M 

= 7.7) in Java, Indonesia. Krankowski et al. (2015) reported 

that 6 days before the 2014 earthquake in Alaska, the TEC 

was 25%–30% higher than the average value. Jin (2016) 

observed the TEC changes 4 hours before the main-shock 

earthquake with a magnitude of 9.2 occurred in Tokyo, 

Japan in 2011. Additionally, using data provided by Global 

Navigation Satellite System, they investigated earthquakes 

with a magnitude of M ≥ 5.0 that occurred from 1998 to 2014 

around the world and found that the TEC increased 5 days 

before the earthquakes. In the present research, we limited 

the study area to the western United States and investigated 

earthquakes that were weaker than those considered in pre-

vious studies. We analyzed the differences according to the 

magnitude of the earthquakes to obtain meaningful results.
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