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Abstract: This paper studies ionospheric vertical total electron content (VTEC) variations before the 
2014 Mw8.2 Chile earthquake. VTEC derived from 14 GPS (Global Positioning System) stations and 
GIM (Global Ionospheric Map) were used to analyze ionospheric variations before the earthquake 
using the sliding interquartile range method, and results showed that significant positive VTEC 
anomalies occurred on 28 March. To explore possible causes of these anomalies, effects of solar and 
geomagnetic activities were examined, and VTEC variations during 17 March to 31 March in 
2009-2013 were cross-compared. Also, VTEC for a full year before the earthquake was investigated. 
Results indicated that these anomalies were weakly associated with high solar activities and 
geomagnetic storms and that these anomalies were not normal seasonal and diurnal variations. An 
analysis of the spatial distribution of the observed anomalies was also presented, and it 
demonstrated that anomalies specifically appeared around the epicenter on 28 March. It suggests 
that observed anomalies may be associated with the subsequent Chile earthquake. Equatorial 
anomaly variations were analyzed to discuss the possible physical mechanism, and results showed 
that the equatorial anomaly unusually increased on 28 March, which indicates that anomalous 
electric fields generated in the earthquake preparation area and the meridional wind are possible 
causes of the observed ionospheric anomalies. 
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1. Introduction 

Since the 1960s, a multitude of studies have identified abnormal variations of ionospheric 
parameters before many large earthquakes [1–8]. In recent years, GPS, with numerous worldwide 
and regional networks, has created a potentially powerful tool to investigate ionospheric TEC 
variations. Many researchers analyzed GPS TEC variations before devastating earthquakes 
worldwide, and suggested that GPS TEC could be used to detect possible ionospheric anomalies 
associated with subsequent earthquakes. For instance, Zhou et al. used 22 GPS stations in China to 
study VTEC variations during the Wenchuan earthquake, and the results indicated that VTEC 
around the epicenter increased both 9 and 3 days before the earthquake and decreased 6 days before 
the earthquake [9]; Yao et al. analyzed ionospheric variations occurring before the 2011 Mw 9.0 
Japan earthquake, and proposed that the ionospheric anomaly occurring on 8 March might be a 
precursor of the earthquake [10]; Ho et al. investigated the ionospheric variations using TEC and 
electron density during the 2010 M8.8 Chile earthquake, and the results showed that TEC and 
electron density increased 9 to 19 days before the earthquake and specifically over the epicenter [11]. 

Although there are many papers reporting the identification of ionospheric anomalies before 
earthquakes, it remains controversial whether these anomalies are actually related to forthcoming 
earthquakes [12–16]. There was no statistically significant correlation between TEC anomalies and 
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earthquakes in Southern California from 2003 to 2004 [13]. Masci suggested that the statistical 
analysis of Kon et al. was not reliable because it was influenced by global geomagnetic events [14, 
17]. Ovalle et al. concluded that the observed NmF2 and TEC anomalies could not be 
unambiguously related to the 2010 M8.8 Chile earthquake [15]. To validate the relationship between 
ionospheric anomalies and earthquakes in response to the controversy, several studies have been 
undertaken to be expected to obtain more credible results. For example, Le et al. selected 736 
globally distributed M≥6.0 earthquakes occurring during 2002-2010, conducted a statistical study of 
the pre-earthquake ionospheric TEC anomalies and the results demonstrated that TEC anomalies 
occurring just a few days before the earthquakes were probably associated with the forthcoming 
earthquakes [5]; to isolate ionospheric anomalies associated with the 2011 Mw 9.0 Japan earthquake, 
He et al. eliminated the nonlinear effect from solar radiation using a wavelet decomposition 
algorithm, found that the extracted TEC had a good correlation with the solar EUV26–34 and the 
F10.7, and the results show that this algorithm is effective and practical to remove background in 
seismo-ionospheric analysis [18]; Le et al. adopted the empirical and theoretical ionospheric models 
to check whether ionospheric anomalies before the 2011 Mw 9.0 Japan earthquake were only caused 
by the severe solar radiation [19]. Additionally, the possible seismo-ionospheric physical mechanism 
has been examined in many studies. Quite a few papers have proposed that anomalous electric fields 
generated in earthquake preparation areas may have caused the ionospheric disturbances [20–22]. 

An Mw8.2 earthquake occurred at 23:47:31.5UTC in Chile (19.70°S, 70.81°W) on 1 April 2014 at a 
depth of 10 km (Figure 1). In this study, VTEC from 14 GPS stations and GIM VTEC were analyzed 
using the sliding interquartile range method. To correct for solar and geomagnetic activities, 
ionospheric anomalies induced by high solar radiation and geomagnetic storms were removed from 
the analysis. Furthermore, to determine the possible causes of the observed ionospheric anomalies, 
VTEC variations over the epicenter during 17 March to 31 March in 2009-2013 were examined. Also, 
VTEC for a full year before the earthquake was analyzed. Moreover, the spatial distribution of VTEC 
anomalies was examined and VTEC variations before 67 Mw≥6.0 earthquakes over the (6°-39°S; 
60°-78°W) area in 2004-2013 were statistically studied. Finally, the possible physical mechanism for 
ionospheric anomalies occurring before the earthquake was explored. 

 

Figure 1. Locations of the epicenter of 2014 Mw8.2 Chile earthquake (blue star), 67 Mw≥6.0 
earthquakes (red dots) during 2004 to 2013 and 14 GPS stations (black triangles). The earthquakes are 
selected from the Global CMT (Centroid Moment Tensor) Project, (http://www.globalcmt.org/). 
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2. Data and Analysis 

2.1. Data source 

Data from 14 GPS stations provided by Instituto Geográfico Nacional (IGN) from Argentina at a 
15-s sampling rate were used to calculate VTEC. Figure 1 shows locations of 14 GPS stations, and a 
detailed catalog is given in Table 1. In this study, VTEC time series were calculated over each station 
from 2 March to 1 April 2014 and a detailed discussion of the accuracy of VTEC is provided by [13]. 
There are some discontinuities in VTEC time series derived from GPS data because of the presence 
of gross errors or gaps. To avoid these discontinuities and to ensure the identical time interval in 
VTEC time series, we choose 15 min resolution VTEC value to analyze. The associated time is in 
UTC. 

Table 1. GPS stations in the East-South sector from epicenter. 

Stations Longitude (°W) Latitude (°S) Stations Longitude (°W) Latitude (°S)
ABRA 65.69 22.60 TILC 65.39 23.45 
ALUM 66.59 27.20 YCBA 63.67 21.90 
CATA 65.77 28.34 UCOR 64.19 31.31 
COPO 70.33 27.26 UNSA 65.40 24.60 
CSLO 69.30 31.66 UNSJ 68.57 31.41 
DINO 67.84 30.03 VIMA 63.24 32.29 
EPSF 60.67 31.51 TUCI 65.19 26.71 

 
Generally GIM is derived using GNSS observations from hundreds of global stations [23]. The 

GIM covers ±87.5° latitude and ±180° longitude ranges with spatial resolutions of 2.5° and 5°, 
respectively. In this paper, the nearest grid (70°W, 20°S) to the epicenter was selected as the point to 
analyze. Although the GIM time-resolution is 2 hr, here values have been interpolated at 15 min 
intervals for easy comparison with the VTEC derived from 14 GPS stations. 

Solar and geomagnetic activities and significant variations in the space weather strongly affect 
ionospheric perturbations. The 10.7 cm solar flux (F10.7) provided by NOAA National Geophysical 
Data Center was used to represent the solar activity. The equatorial geomagnetic activity index (Dst) 
and the global geomagnetic activity index (Kp) provided by the World Data Center for 
Geomagnetism, Kyoto were used to represent the geomagnetic activity. 

2.2. VTEC anomaly analysis 

The sliding interquartile range method was adopted to detect ionospheric anomalies occurring 
before the Chile earthquake. We considered previous studies [5, 24, 25] and that the length of time 
window is limited by the seasonal variability of the ionosphere at longer timescales. 15 days was 
chosen as the length of a sliding time window. To be used as a background value, the median x  
was computed using the VTEC at the same time of each of the 15 days. The associated interquartile 
range, IQR  was also obtained in order to construct the upper bound IQRx 5.1+  and the lower 
bound IQRx 5.1− . If an observed VTEC falls outside the associated bounds, a positive or 
negative abnormal signal is identified. To avoid detecting other short lifetime perturbations caused 
by some other geophysics such as thunderstorm, traveling ionospheric disturbances, ionospheric 
bubbles, and so on, an anomalous day was considered when observed VTEC continuously exceeded 
the associated upper or lower bounds for at least 6 hours during a day. 

Figure 2 illustrates VTEC variations over the ABRA station, the nearest station to the epicenter, 
from 22 March to 1 April 2014. It can be observed that many positive abnormal signals of VTEC 
occurred within days 0-10 before the earthquake, and especially prominent increases appeared on 
22-23 and 28-29 March 2014. Considering the criterion for identifying an anomalous day, positive 
anomalies occurred on 28 March over the ABRA station, 4 days before the earthquake. Figure 3 
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displays the results of VTEC anomalies over the YCBA station. The temporal distribution of the 
positive anomalies over YCBA was similar to those over ABRA. It can be seen from Figures 2 and 3 
that a significant increase in VTEC between 13:00 and 19:00 UTC (8:00 and 14:00 LT) appeared on 28 
March. VTEC variations over the other 12 stations were also analyzed and the characteristics of 
VTEC anomalies were generally similar to those over ABRA and YCBA. Considering that there are 
GPS data gaps in some stations, VTEC variations occurring 7 days before the earthquake over the 
other 12 GPS stations were plotted (Figure 4). The number of stations over which positive VTEC 
anomalies occurred was counted (Figure 5), and it reveals that obvious positive anomalies can be 
observed generally 4 days before the earthquake. 

 
Figure 2. VTEC variations over ABRA station from 22 March to 1 April. The blue solid line denotes 
the VTEC time series, the red line denotes medianx , the black solid line denotes IQRx 5.1± ; the 
blue vertical line denotes the time of Chile earthquake occurrence. The red or black shaded areas 
represent the increase or decrease anomalous strength. 

 

Figure 3. VTEC variations over YCBA station from 22 March to 1 April. The caption is same as that of Figure 2. 

Since the nearest GPS station from which VTEC is derived is about 600km, GIM VTEC 
variations over the epicenter were also investigated. GIM VTEC along the longitude of the epicenter 
(70°W) from 17 March to 1 April 2014 was shown in Figure 6. Obviously, VTEC between 
approximately 30°S and 10°S along the epicenter longitude increased on 23 and 28 March, and was 
higher during 12:00-20:00 UTC on 28 March. GIM VTEC variations were analyzed using the sliding 
interquartile range method (Figure 7). Figure 7(a) illustrates GIM VTEC variations over the grid 
point (70°W, 20°S) nearest to the epicenter. Positive anomalies appeared on 23 and 28 March, and 
especially remarkable VTEC anomalies between 12:00 and 18:00 UTC (7:00 and 13:00 LT) occurred 
on 28 March. This result is also consistent with the GPS VTEC data (Figures 2-5). Moreover, the 
northward VTEC gradients were selected to detect the ionospheric anomalies before the earthquake. 
Figure 7(b) reveals that the northward VTEC gradients over the epicenter yield significant positive 
anomalies on 28 March, which is similar to Figure 7(a). Both GIM and GPS observations indicate that 
positive VTEC anomalies occurred on 28 March 2014. 
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Figure 4. VTEC variations over 12 stations during 25 March to 1 April, the black solid line denotes 
( )IQRxVTEC 5.1+− , and the blue vertical line denotes the time of Chile earthquake occurrence. 

 

Figure 5. The number of stations over which appeared positive VTEC anomalies was counted on each day. 

 

Figure 6. GIM VTEC along the Chile earthquake longitude 70°W from 17 March to 1 April 2014. 
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(a) GIM VTEC variations over the grid point (70°W; 20°S) 

 

(b) Northward VTEC gradients (70°W) 

 

Figure 7. Temporal variations of GIM VTEC and the northward gradients from 22 March to 1 April 
2014. The blue lines denote the observations, and the black lines denote the associated upper and 
lower bounds. The blue vertical lines denote the time of Chile earthquake occurrence. The red or 
black shaded areas represent the increase or decrease anomalous strength. In the bottom panel, the 
unit in y axis is TECU in 5°. 

3. Discussion 

To date, there have been some reports on ionospheric anomalies preceding the 2014 Chile 
earthquake. Akhoondzadeh adopted median and Artificial Neural Network methods using the GIM 
to detect the ionospheric anomalies before this Chile earthquake [26]. Akhoondzadeh found that 
marked positive VTEC anomalies were observed 4 days before the earthquake at 14:00 and 16:00 
UTC using the median method, while the ANN method identified more anomalies, 4 (2:00 and 16:00 
UTC) and 13 (24:00 UTC) days prior to the earthquake. Guo et al. utilized TEC and foF2 data to 
analyze ionospheric variations prior to 2014 Mw8.2 earthquake in Chile, and the results showed that 
negative and positive TEC anomalies detected by a sliding interquartile range method over the 
CLLA station appeared on the 15th and 5th before the earthquake respectively, and foF2 over 
Jicamarca, Concepcion and Ramey stations presented significant positive anomalies 5 days 
preceding the earthquake [27]. It can be clearly seen that the result of [26] is consistent with that of 
this work, and there are some differences between the results of [27] and those of both [26] and this 
study. It should be noted that [27] adopted 27-day window, while [26] and this work used 15-day 
window. However, an investigation of the effects of the length of time window is beyond the scope 
of this article. Considering significant positive anomalies occurring on the 4th day before the 
earthquake, we focus on discussing whether these anomalies are related to the earthquake in the 
following sections. 
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3.1. Effects of solar and geomagnetic activities 

As the ionosphere is mostly affected by solar and geomagnetic activities, we first determined 
whether these significant anomalies could be attributed to high solar radiation and/or geomagnetic 
storms. The three conditions of Kp<4, |Dst|<40nT and F10.7<150, are firstly used to distinguish 
pre-earthquake anomalies from the other anomalies related to solar and geomagnetic activities. If a 
day has F10.7>150, then this day is removed from the analysis. The day and the following 3 days are 
also excluded whenever |Dst|>40nT [5]. Figure 8 illustrates the variations of Dst, Kp and F10.7 
indices from 17 March to 1 April 2014. There were slight geomagnetic disturbances on 31 March 
(Kp>3), and the geomagnetic situation was rather quiet on the other days. F10.7>130 revealed that 
solar activities were in a relatively unquiet condition during this time, and F10.7 exceeded 150 on 
20~26 March, 31 March and 1 April, indicating severe solar radiation. Furthermore, as shown in 
Figure 9, we analyzed the pre-earthquake solar activity by the sliding interquartile range method 
and found that there were no significant F10.7 anomalies. Considering the solar activities on 23 
March, it suggests that these positive anomalies are mainly caused by the intense solar activities. 
There are comparatively quiet solar and geomagnetic activities on 28 March; it is suggested that 
these positive VTEC anomalies are weakly associated with high solar activities and geomagnetic 
storms. 

 

Figure 8. Variations of the Dst, Kp and F10.7 indices from 17 March to 1 April 2014. The grey dashed 
lines denote the threshold values. 

 

Figure 9. Variations of the F10.7 indices from 17 March to 1 April 2014. The blue line denotes the 
observations, and the black lines denote the associated upper and lower bounds. 
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3.2. Spatiotemporal distribution of VTEC anomalies 

To examine whether the positive anomalies specifically appeared 4 days before the 2014 Chile 
earthquake, VTEC over the epicenter during 17 to 31 March in 2009-2014 was analyzed using the 
same method described in Sect. 2.2. Also, VTEC for a full year before the earthquake was analyzed. 
Moreover, the influence of solar and geomagnetic activities was corrected for using the same 
criterion as described in Sect. 3.1. 

Figure 10 shows that positive anomalies occur on 28 March 2014, 31 March 2011, 18 March 2010 
and 20 March 2009, respectively. There were quiet solar and geomagnetic activities during 17 to 31 
March in 2009-2011, but an Mw5.4 earthquake (19.27°S, 69.70°W), an Mw5.9 earthquake (19.75°S, 
69.51°W) and an Mw6.1 earthquake (28.11°S, 71.31°W) occurred on 27 March 2009, 2 April 2011 and 
26 March 2010, respectively. However, we do not intend to discuss whether these anomalies are 
related to these earthquakes in this study. Moreover, as shown in Figure 11, there were some VTEC 
anomalies occurring from 1 March 2013 to 31 March 2014. We examined the earthquake catalogue 
during this time, and found that all VTEC anomalies appeared before the Mw>5.0 earthquakes 
occurring at the similar location. Also, we do not intend to discuss whether the anomalies appeared 
during 1 March 2013 to 31 March 2014 are related to these earthquakes in this paper. As shown in 
Figures 10 and 11, it could be observed that the VTEC anomalies seem not to be normal seasonal and 
diurnal variations. Therefore, it is suggested that the VTEC anomalies on 28 March 2014 may be 
mainly induced by other factors, such as the subsequent earthquake. As we know, 28 March is near 
to the autumn/spring (SH/NH) equinox when VTEC is at one of the two semi-annual maximum. 
However, VTEC over the epicenter also increased obviously on 23 March 2014 (e.g., Figures 6 and 7) 
which is much nearer to the autumn/spring (SH/NH) equinox, and the positive anomalies occurred 
on 28 March were more significant than those occurred on 23 March (Figure 7); it seems that VTEC at 
the semi-annual maximum value is not the main cause of the remarkable positive anomalies 
appearing on 28 March 2014. 

As discussed above, there were significant positive VTEC anomalies occurring on 28 March 
2014. We removed the contributions from solar and geomagnetic activities and discussed the 
temporal distribution of VTEC anomalies; the results suggest that the observed VTEC anomalies 
might mainly have been produced by the forthcoming Chile earthquake. In order to examine the 
spatial distribution of these positive anomalies, global ionospheric VTEC anomalies around midday 
(11:00~13:00LT) were plotted on 28 March 2014 (Figure 12). It is clear that the affected area mainly 
ranged from 20°S to 30°S in latitude and 70°W to 100°W in longitude. The corresponding 
ionospheric effects could be observed in the magnetically conjugate region. The location of the 
maximally affected area in the ionosphere did not coincide with the vertical projection of the 
epicenter, but was instead to the south, which was further westwards. The ionospheric anomalies 
preceding the earthquakes occurred not only over the epicenter but also in the nearby regions and 
sometimes also in magnetically conjugated regions of the ionosphere [28-30]. Moreover, there were 
no significant or similar VTEC anomalies occurring in the rest of the world at the same time. We 
know that ionospheric anomalies caused by the space environment generally occur over a wider 
geographic range. However, the observed positive anomalies occur only near the epicenter, 
providing further evidence that the ionospheric VTEC anomalies observed on 28 March may be 
associated with the Chile earthquake. 

In addition, to conclude the temporal characteristics of the anomalies, we statistically 
investigated the variations of GIM VTEC over 67 Mw≥6.0 earthquake epicenters (Figure 1) over the 
(6°-39°S; 60°-78°W) area from 1 January 2004 to 31 December 2013. The ionospheric VTEC anomalies 
preceeding each earthquake are identified; the influences of solar and geomagnetic activities have 
been removed. The result shows that VTEC anomalies appeared before 42 of 67 earthquakes in Chile 
from 1 January 2004 to 31 December 2013. To further examine the temporal characteristics of these 
VTEC anomalies, the 67 earthquakes were divided into 5 categories according to their magnitudes, 
ranging from Mw≥6.0 to Mw≥6.8 at a 0.2 interval. Figure 13 summarizes those cumulative 
percentages of the positive or negative anomaly over the 15 days before these classified earthquakes. 
The percentage is given as the cumulative count of the anomalies divided by the number of the 
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earthquakes. Figure 13 reveals that positive anomalies appear more frequently than negative ones 
and that the percentage of positive anomalies seems to be proportional to the earthquake magnitude 
over 10 days before the earthquakes. However, because the number of earthquakes decreases over 
time, that trend of the percentage of positive anomalies becomes increasingly ambiguous. Note that 
the temporal characteristics of the ionospheric anomalies preceding earthquakes over the (6°-39°S; 
60°-78°W) area are complex due to the presence of various fault zones, which should be studied in 
greater detail in the future. 

 

Figure 10. The anomaly days observed from 17 March to 31 March in 2009~2014. The bars indicate 
the maximum departures of the observations and upper bounds. 

 

Figure 11. VTEC time series over the grid point (70°W, 20°S) from 1 March 2013 to 31 March 2014. 
The black and gray vertical lines denote the positive and negative anomalies, respectively. 

 

Figure 12. Spatial distributions of global ionospheric VTEC anomalies ( ( )IQRxVTEC 5.1+− ) 

around midday (11:00~13:00 LT). The black star denotes the epicenter. 
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Figure 13. Percentages of the positive (black) and negative (grey) anomalies over the epicenter for 15 
days prior to the 67 Mw≥6.0 earthquakes over  (6°-39°S; 60°-78°W) area during 2004 to 2013. 

3.3. Equatorial anomaly dynamics 

The equatorial anomaly is a double-humped structure in the geomagnetic latitudinal 
distribution of ionosphere electron densities with crests on both sides of the magnetic equator and a 
trough near the magnetic equator. The equatorial anomaly is the effect of a dynamo eastward electric 
field generated by the atmospheric tides near the magnetic equator where the magnetic field is 
horizontal [31]. Generally, the equatorial anomaly appears in the morning, reaches its greatest 
development in the post noon and then gradually disappears. The epicenter of the 2014 Chile 
earthquake is approximately located on the 11°S geomagnetic, which is near the southern crest of the 
ionospheric equatorial anomaly. Thus, the upper atmospheric (or ionospheric) electric field in the 
earthquake preparation area is essential to the equatorial anomaly. Similarly, Taiwan lies between 
the 10°N and 14°N geomagnetic near the northern crest of the equatorial anomaly. Liu et al. 
statistically analyzed the variations of equatorial ionization anomaly (EIA) of the 150 M≥5.0 
earthquakes during 2001-2007 in Taiwan, and the results showed the EIA crest moved significantly 
equatorward or poleward during the earthquakes along the Taiwan longitude, which was probably 
due to the atmospheric electric fields generated around the epicenter of a subsequent earthquake 
during the preparation period [31]. Quite a few studies have demonstrated that disturbances of the 
equatorial anomaly along the longitudes of the epicenters occurred before the earthquakes, 
suggesting that the anomalous electric fields generated in the earthquake preparation area caused 
the ionospheric anomalies. Zakharenkova et al. analyzed ionospheric effects of the 26 December 
2004 Indonesia earthquake and 26 September 2005 Peru earthquake, the results showed that the 
perturbations of the equatorial anomaly occurred a few days before the earthquakes, which suggests 
that the anomalous electric fields in the earthquake preparation zone were a possible cause of the 
observed ionospheric anomalies [32-33]. Pulinets et al. studied the dynamics of the equatorial 
anomaly at 105°E before the Wenchuan earthquake, and found that the shape of the equatorial 
anomaly was distorted, which made it possible to state that the observed anomalies were caused by 
additional electric fields [30]. 

Thus, the spatiotemporal distributions of the equatorial anomaly from 17 March to 1 April 2014 
along the longitude of the epicenter 70°W were monitored (Figure 14) in this study. To better 
illustrate the variations of the equatorial anomaly, geographical latitudes have been converted to 
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geomagnetic latitudes in Figure 14. The significant modification of the equatorial anomaly on 28 
March can be observed: (a) the VTEC in the equatorial anomaly generally increased; and (b) the 
shape of the VTEC distribution was distorted, and a double-humped structure appeared with the 
southern crest near the epicenter and the trough near the magnetic equator. Obviously, the VTEC 
distribution is usually a crest appearing near the magnetic equator at 11:00 LT along 70°W, but 
unusually enhanced on 28 March 2014 (Figure 14). It is known that the equatorial anomaly reacts 
sensitively to the changes in the electric field. In the case of the preparatory stage of the earthquake, 
there might be a penetration of abnormal electric fields of seismogenic origin into the ionospheric 
heights, which strengthens or weakens the natural field of equatorial electrojet and causes the VTEC 
disturbances. Moreover, Figure 12 reveals that the positive anomalies mainly lie on the two crests of 
the equatorial anomaly, suggesting that the anomalous electric field may be a possible cause of the 
observed anomalies, for the electric field disturbances could cause both the anomalies over the 
epicenter and at the magnetically conjugated location. Namgaladze et al. proposed that anomalous 
eastward electric fields in the earthquake preparation area led to the upward movement of plasma 
and its transition to the area with lower densities of O2 and N2. Consequently, the disappearance 
rate of O+ in the ionospheric F2 region decreased, the electron density increased, and the equatorial 
anomaly enhanced [34]. This mechanism might account for the ionospheric positive anomalies and 
the perturbations of the equatorial anomaly occurring 4 days prior to the Chile earthquake.  

However, as shown in Figures 12 and 14, it can be clearly seen that the anomalies near the 
epicenter appeared in the side far away the equator on 28 March, instead of the side closer to the 
equator. Pulinets proposed that the meridional wind which comes from the summer hemisphere to 
the winter one could lead to the seasonal asymmetry; the charged component of the neutral wind 
could cause the winter crest of the equatorial anomaly to increase [35]. After the spring equinox, 
because of the movement of the location of direct solar radiation, the southern crest is similar to the 
winter crest of the equatorial anomaly in comparison with the northern crest. The neutral wind can 
easily blow the plasma particles moving along to the magnetic field lines, thereby the winter crest 
TEC increasing, which might also be a reason for TEC anomalies that are closer to the southern crest 
of the equatorial anomaly in Figures 12 and 14. 

 

Figure 14. VTEC variations along 70°W from 17 March to 1 April 2014. The black line denotes VTEC 
observations. The red line denotes the median value in March. The blue line denotes the median 
value calculated by VTEC at the same time during previous 15 days. The black arrow denotes the 
geomagnetic latitude of the epicenter. 
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4. Conclusions 

By utilizing data from 14 GPS stations, VTEC time series were obtained. The sliding 
interquartile range method was used to analyze the VTEC variations over each station, and the 
results indicate that significant positive VTEC anomalies occurred 4 days before the earthquake. 
Meanwhile, GIM VTEC and its northward gradients were used to cross-examine the ionospheric 
variations. The results show that GIM VTEC over the nearest grid and the associated northward 
gradients both increased significantly 4 days prior to the earthquake.  

To investigate the causes of the observed VTEC anomalies, the effects of solar and geomagnetic 
activities were analyzed. The result indicates that the anomalies appearing on 28 March 2014 are 
slightly associated with high solar activities and geomagnetic storms. After removing the influences 
of solar and geomagnetic activities, we investigated the temporal distribution of VTEC anomalies. 
The anomalous variations of VTEC were analyzed from 17 March to 1 April in 2009-2013. Also, 
VTEC for a full year before the earthquake was studied. The results suggest that the positive 
anomalies occurring on 28 March 2014 may be related to factors such as the Chile earthquake. In 
addition, a statistical analysis of VTEC anomalies before 67 Mw≥6.0 earthquakes around Chile 
during 2004 to 2013 was performed. The results show that VTEC anomalies occurred before 42 of 67 
earthquakes around Chile during 2004 to 2013. However, the characteristics of the temporal 
distribution of these anomalies need to be further studied. Furthermore, we investigated the 
characteristics of the spatial distribution of VTEC anomalies, and found that the observed VTEC 
anomalies occurred between 20°S and 30°S and 70°W and 100°W, showing a conjugate structure that 
did not appear in the rest of the world at this time. Considering the analysis and discussion of the 
spatiotemporal distributions of the VTEC anomalies, we can suggest that the positive VTEC 
anomalies occurring on 28 March may be associated with the Chile earthquake.  

Moreover, we initially examined the physical mechanism of the positive VTEC anomalies by 
analyzing the equatorial anomaly variations along 70°W, and found that the equatorial anomaly 
increased on 28 March 2014. Considering the spatial distribution of anomalies along with the 
perturbations to the equatorial anomaly, we suggest that anomalous electric fields generated in the 
earthquake preparation area and the meridional wind are possible causes of the observed 
ionospheric anomalies occurring before the 2014 Chile earthquake. However, the physical 
mechanism needs to be further studied in the future. 
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