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Abstract. Ionospheric anomalies before earthquakes have

become the subject of one of the most intensive studies

in the area of ionospheric variation. The ionosphere has a

large class of disturbances under quiet geomagnetic condi-

tions, i.e., quiet time disturbances (Q disturbances). Hence,

the characteristics of seismo-ionospheric anomalies obtained

by statistical analysis should be compared with those of Q-

disturbance events. Using the data of f oF2 (F2-layer critical

frequency) during the whole interval of 1978–2008 (∼ 3 so-

lar cycles), the local time (LT) variation in Q disturbances

is investigated. The results showed that a well-pronounced

nighttime peak took place for positive disturbances induced

by Q-disturbance events, while positive disturbances related

to earthquakes predominately occurred in the daytime, es-

pecially in the afternoon LT sector. This remarkable differ-

ence in local time variation in f oF2 between the earthquake-

triggered and Q-disturbance events is of great significance

for the identification of ionospheric precursors.

Keywords. Ionosphere (ionospheric irregularities)

1 Introduction

The ionospheric effects produced by seismic activity have at-

tracted geophysicists’ attention for many years, due to the ur-

gent need for the timely prediction of large earthquakes that

cause massive destruction. The ionospheric anomalies be-

fore large earthquakes occur are investigated widely by many

geophysicists, and a considerable number of papers have re-

ported on deviations in the daily values of the F2-layer crit-

ical frequency (f oF2), total electron content (TEC), and in

situ electron density in the days prior to the main shock (Pu-

linets, 1998a; Dabas et al., 2007; Zhao et al, 2008; Sharma et

al., 2010; Liu et al., 2011; Li and Parrot, 2013).

To obtain more convincing results, statistical analysis of

ionospheric change before earthquakes is effective and is

also needed. Liu et al. (2006) investigated the relationship

between variations in f oF2 and 184 earthquakes with mag-

nitude M>5.0 during 1994–1999 in the Taiwan area; the in-

vestigation showed that the ionospheric disturbance in f oF2

significantly occurred during the afternoon period, 12:00–

18:00 LT (local time), during the 5 days before the earth-

quakes. A total of 736 M>6.0 earthquakes worldwide dur-

ing 2002–2010 were statically studied using TEC data, and

the feature of LT variation in ionospheric anomalies was con-

firmed (Le et al., 2011). Moreover, empirical dependencies

of the seismo-ionospheric disturbances relating the earth-

quake magnitude and the epicenter distance were discussed

by means of statistical analysis (Perrone et al., 2010; Sarad-

jian and Akhoondzadeh, 2011). However, the existence of

the seismo-ionospheric precursors is still an open issue be-

cause of high ionospheric variability and the influence of so-

lar activity. Although the definition of quiet conditions for the

ionosphere is quite difficult to obtain, generally the influence

of geomagnetic disturbances originating from solar activity

could be eliminated by setting thresholds of geomagnetic in-

dices. Recently, a cross-wavelet analysis was proposed by He

et al. (2014), which displayed a capability of detecting the

ionospheric anomalies triggered by earthquakes in unquiet

solar-terrestrial environments. Nevertheless, the ionosphere

itself has significant day-to-day variability and displays os-
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 2

significant day-to-day variability and displays oscillation over a wide range of timescales due to 1 
the solar irradiation variability, meteorological influences, and solar wind energy input. Even 2 
under geomagnetic quiet day, day-to-day variability is of great importance, which is called 3 
Q-disturbance (Mikhailov et al., 2004). Forbes et al. (2000) showed that under quiet conditions 4 
(Kp<1), the standard deviation of the ionospheric peak electron density (NmF2) was up to 35%. 5 
Mikhailov et al. (2004, 2007) also showed that Q-disturbance of NmF2 could be more than 40% 6 
from its mean values.  7 

The accurate specification of the difference between the earthquake-induced and 8 
Q-disturbance events constitutes the main challenge for improved discrimination of 9 
seismo-ionospheric precursors. Hence comparative analysis should be made, which seldom 10 
attention has been paid to date. The object of this paper is to study the ionospheric variation on 11 
local time due to earthquakes and compare it with that of Q-disturbance events, and some 12 
interesting results are achieved. The data of foF2 within 15-days before the chosen earthquakes 13 
during the interval 1966-2008 in China is used to check ionospheric anomalies, and foF2 covering 14 
about there solar cycles, 1978-2008, is used to investigate the local time variation of 15 
Q-disturbances. 16 

2  Local time variation of ionosphere related to earthquakes 17 
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Fig. 1. Significant enhancement in foF2 at Chongqing station (about 300 km east of the epicenter) 3-days before 19 
the Wenchuan 2008 earthquake onset (modified from Xu et al., 2010a,b). UB and LB was calculated according to 20 
the method proposed by Liu et al. (2004). 21 
 22 
Much effort has been devoted to finding temporal variation of ionosphere disturbances due to 23 
earthquakes. Statistical analysis showed that the earthquake-induced ionospheric anomalies versus 24 
local time are the most frequent in the afternoon LT sector, approximately 12:00 LT-18:00 LT 25 
(Pulinets et al., 1998b; Liu et al., 2006; Sharma et al. 2010). Pulinets et al. (2003) displayed that 26 
the ionospheric deviations in foF2 were positive or negative depending on the position of the 27 
ionosonde in relation to the anomaly formed in the ionosphere. However, Le et al. (2011) found 28 
that the occurrence rate of abnormal increase was much higher than that of abnormal decrease. 29 
Investigations of recent large earthquakes supported such conclusion in some extent. Fig. 1 30 
demonstrates the pronounced enhancement in foF2 in the afternoon LT sector at Chongqing station 31 
3-days prior to Wenchuan 2008 earthquake, a recognition reported by many authors (e.g., Zhao et 32 
al., 2008; Zhou et al., 2009; Xu et al., 2010a,b), similar to the temporal variation of ionosphere 33 
before the Haiti 2010 earthquake (Pulinets et al., 2010; Liu et al., 2011) and Tohoku 2011 34 

Figure 1. Significant enhancement in f oF2 at Chongqing station (about 300 km east of the epicenter) 3 days before the onset of the 2008

Wenchuan earthquake (modified from Xu et al., 2010a, b). UB and LB were calculated according to the method proposed by Liu et al. (2004).

cillation over a wide range of timescales due to solar irradia-

tion variability, meteorological influences, and solar wind en-

ergy input. Even for geomagnetic quiet days, day-to-day vari-

ability is of great importance. We refer to these events as “Q

disturbances” (Mikhailov et al., 2004). Forbes et al. (2000)

showed that under quiet conditions (Kp < 1), the standard de-

viation of the ionospheric peak electron density (NmF2) was

up to 35 %. Mikhailov et al. (2004, 2007) also showed that Q

disturbances of NmF2 could differ by more than 40 % from

its mean values.

The accurate specification of the difference between

earthquake-induced and Q-disturbance events constitutes

the main challenge for improved discrimination of seismo-

ionospheric precursors. Hence comparative analysis should

be made, to which seldom attention has been paid to date.

The object of this paper is to study the ionospheric varia-

tion in LT due to earthquakes, and compare it with that of

Q-disturbance events; some interesting results are achieved.

The data of f oF2, within a 15-day period before the cho-

sen earthquakes during the interval 1966–2008 in China, are

used to check ionospheric anomalies, and f oF2 data cover-

ing about three solar cycles, 1978–2008, are used to investi-

gate LT variation in Q disturbances.

2 Local time variation in the ionosphere related to

earthquakes

Much effort has been devoted to finding temporal varia-

tion in ionosphere disturbances due to earthquakes. Statis-

tical analysis has shown that the earthquake-induced iono-

spheric anomalies versus LT are most frequent in the after-

noon LT sector, approximately 12:00—18:00 LT (Pulinets et

al., 1998b; Liu et al., 2006; Sharma et al., 2010). Pulinets et

al. (2003) showed that the ionospheric deviations in f oF2

were positive or negative depending on the position of the

ionosonde in relation to the anomaly formed in the iono-

sphere. However, Le et al. (2011) found that the occurrence

rate of abnormal increase was much higher than that of ab-

normal decrease. Investigations of recent large earthquakes

support such a conclusion to some extent. Figure 1 demon-

strates the pronounced enhancement in f oF2 in the after-

noon LT sector at Chongqing station 3 days prior to the 2008

Wenchuan earthquake, which has been recognized by many

authors (e.g., Zhao et al., 2008; Zhou et al., 2009; Xu et

al., 2010a, b), and similar to the temporal variation in the

ionosphere before the 2010 Haiti earthquake (Pulinets et al.,

2010; Liu et al., 2011) and the 2011 Tohoku earthquake (He

et al., 2012; Hu et al., 2013).

Although many results demonstrated frequent ionospheric

disturbances in the afternoon due to earthquakes, some in-

consistent features are observed. e.g., positive deviation last-

ing 12 h from 16:00 to 04:00 was observed in Greece (Davi-

denko, 2013). In addition, Liu et al. (2006) found signifi-

cant decreases in the afternoon period in Taiwan. Pulinets

and Davidenko (2014) claimed that the disturbances might

be specific for different seismic zones. Recently, using the

method of interquartile range proposed by Liu et al. (2004),

we analyzed the ionospheric variations in f oF2 before all

the 14 large earthquakes with M ≥ 7.0 listed in Table 1 dur-

ing the interval 1966–2008 in China (Hu, 2011; Xu et al.,

2012a). According to this method, interquartile range was

calculated to construct the upper bound (UB) X+ IQR and

lower bound (LB) X-IQR for the data estimation, where X

was the median. It is well known that the ionosphere has

strong seasonal, annual, and solar cycle variations; hence us-

ing a long-term data set to calculate the median is not wise.

Here, the median was calculated over 15 days of data. Under

the assumption of normal distribution, the expected value of

IQR was 1.34σ . UB and LB were calculated by X+ 1.34σ

and X-1.34σ . If the f oF2 value at this time point was larger

than the UB or smaller than LB, it was defined as an abnor-

mal point.

In this section, we will not present ionospheric variations

before each of the 14 large earthquakes with M ≥ 7.0. Be-

cause the results available in Hu (2011) and Xu et al. (2012a)

were written in Chinese, we introduce the method of in-

terquartile range (described above), present the key results,

Ann. Geophys., 33, 687–695, 2015 www.ann-geophys.net/33/687/2015/
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 4

one can see that the positive disturbances were sometimes present in nighttime, while the 1 
disturbances predominately occurred during the afternoon period. The report of ionospheric 2 
anomalies in nighttime is more limited, but some exist (Zakharenkova et al., 2006). This feature of 3 
local time variation in foF2 triggered by earthquakes is in line with the conclusions in Pulinets et 4 
al. (1998b) and Liu et al. (2006).  5 
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Fig. 2.  Days of ionospheric disturbances before and after the shocks of 14 large earthquakes with M≥7.0 during 7 
1966-2008 in China (modified from Hu, 2011 and Xu et al., 2012a). 8 
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Fig. 3. Occurrence number for abnormal increase in foF2 versus local time in 15 days before the selected 11 
earthquakes (modified from Hu, 2011 and Xu et al., 2012a). 12 

 13 
Fig. 4. Locations of Chongqing, Urumuqi and the epicenter of Songpan earthquake (16 August 1976).  14 
 15 

Figure 2. Days of ionospheric disturbances before and after the

shocks of 14 large earthquakes with M ≥ 7.0 during 1966–2008 in

China (modified from Hu, 2011, and Xu et al., 2012a).

and give an interesting example of an earthquake event which

singles out ionospheric anomalies.

Using the method of interquartile range proposed by Liu et

al. (2004), analysis showed that the ionospheric increase pre-

dominantly appeared during 11:00–17:00 LT ∼ 7 days prior

to 85.7 % (12) of the 14 earthquakes. Figure 2 shows the

days of ionospheric anomalies prior to the main shocks, i.e.,

a higher occurrence during the several days before earth-

quakes, which is consistent with the conclusions drawn by

many authors (Pulients, 2003; Liu et al., 2004, 2006; Le et al.,

2011; etc). However, by analyzing 11 earthquakes in 2003–

2005, Dabas (2007) claimed that the ionospheric anomalies

occurred 2 to 25 days prior to the earthquakes. Figure 3 il-

lustrates the occurrence of ionospheric abnormal increase in

f oF2 versus LT, from which one can see that though the

positive disturbances were sometimes present at nighttime,

the disturbances predominately occurred during the after-

noon period. Reports of ionospheric anomalies at nighttime

are more limited, but some exist (Zakharenkova et al., 2006).

This feature of LT variation in f oF2 triggered by earthquakes

is in line with the conclusions by Pulinets et al. (1998b) and

Liu et al. (2006).

Note that geomagnetic activity can give rise to signifi-

cant ionospheric disturbances. Ionospheric disturbances due

to earthquakes need to be distinguished from geomagnetic

activity. The ionospheric disturbances before the Songpan

earthquake (16 August 1976), listed in Table 1, were cho-

sen as an example which simultaneously considers the ef-

fects related to both an earthquake and a geomagnetic

storm. Ionospheric variations over Chongqing and Urumuqi

(about 400 and 2000 km away from the epicenter, respec-

tively, shown in Fig. 4) before the main shock are shown

in Fig. 5. The preparation area was calculated as 1200 km

according to the Dobrovolsky equation (Dobrovolsky et al.,

1976), r = 100.43M km, implying that the ionosphere over the

Chongqing station might be affected by the earthquake, but

not by the latter.
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Fig. 2.  Days of ionospheric disturbances before and after the shocks of 14 large earthquakes with M≥7.0 during 7 
1966-2008 in China (modified from Hu, 2011 and Xu et al., 2012a). 8 
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Fig. 3. Occurrence number for abnormal increase in foF2 versus local time in 15 days before the selected 11 
earthquakes (modified from Hu, 2011 and Xu et al., 2012a). 12 
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Fig. 4. Locations of Chongqing, Urumuqi and the epicenter of Songpan earthquake (16 August 1976).  14 
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Figure 3. Occurrence number for abnormal increase in f oF2 versus

local time in the 15 days before the selected earthquakes (modified

from Hu, 2011, and Xu et al., 2012a).

Figure 4. Locations of Chongqing, Urumuqi, and the epicenter of

the Songpan earthquake (16 August 1976).

One can see that there was a weak geomagnetic storm be-

fore the main shock, marked by a shaded rectangle, with

a minimum Dst of −32 nT, and that distinctly positive dis-

turbances occurred during the storm at the two stations.

Moreover, remarkable enhancements in f oF2 during 15:00–

17:00 LT (corresponding to day 4 in Fig. 2; it should be

pointed out that the day 5 and day 6 values correspond to the

ionospheric disturbances over Lhasa station, about 1000 km

from the epicenter, not shown) over Chongqing station, near

the epicenter, were observed under quiet geomagnetic con-

ditions, while there was an unobvious disturbance in f oF2

over Urumuqi station. The localization is possibly one of the

most important signatures related to seismic activity, in con-

trast to global-scale disturbances triggered by geomagnetic

storms (Pulinets et al., 2003; Zhao et al., 2008). This dis-

tinct feature was also observed in TEC extracted from global

ionospheric maps (GIMs) before the moderate M = 4.7 2010

Chongqing earthquake (with a very shallow depth of 7 km,

www.ann-geophys.net/33/687/2015/ Ann. Geophys., 33, 687–695, 2015
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Table 1. List of the earthquakes selected in China (modified from Xu et al., 2012a).

Case study Date (dd/mm/yyyy) Longitude (degrees) Latitude (degrees) Magnitude (M) Focal depth (km)

Xingtai 22/03/1966 114.81◦ E 37.51◦ N 7.2 9

Liaoning 04/02/1975 122.70◦ E 40.70◦ N 7.3 16

Tangshan 28/07/1976 118.00◦ E 39.40◦ N 7.2 22

Songpan 16/08/1976 104.30◦ E 32.80◦ N 7.2 24

Songpan 23/08/1976 104.30◦ E 32.50◦ N 7.0 23

Qinghai 26/04/1990 100.33◦ E 36.06◦ N 7.2 9

Xinjiang 14/06/1990 85.09◦ E 47.90◦ N 7.3 57

Yunnan 12/07/1995 99.16◦ E 21.96◦ N 7.0 13

Yunnan 03/02/1996 100.25◦ E 27.34◦ N 7.1 10

Kunlun 19/01/1996 78.35◦ E 34.43◦ N 7.5 16

Tibet 08/11/1997 87.33◦ E 35.26◦ N 7.0 34

Jilin 08/04/1999 130.34◦ E 43.61◦ N 8.1 578

Kunlun 14/11/2001 90.53◦ E 35.92◦ N 8.0 11

Wenchuan 12/05/2008 103.42◦ E 31.01◦ N 7.2 14

 5

Note that geomagnetic activity can give rise to significant ionospheric disturbances. 1 
Ionospheric disturbances due to earthquakes need to be distinguished from geomagnetic activity. 2 
The ionospheric disturbances before Songpan earthquake (16 August 1976), listed in Table 1, was 3 
chosen to display an example, which made it possible to simultaneously consider the effect related 4 
to an earthquake and a geomagnetic storm. Ionospheric variations over Chongqing and Urumuqi 5 
(about 400 km and 2000 km away from the epicenter, respectively, shown in Fig.4) before the 6 
main shock are shown in Fig.5. The preparation area was calculated as 1200 km according to 7 
Dobrovolsky equation (Dobrovolsky et al., 1976), r=100.43M km, implying that ionosphere over the 8 
Chongqing station might be affected by the earthquake, but not for the latter.  9 

  10 
Fig. 5. Variations of foF2 observed by two ground-based stations during 1-31 August 1976. A geomagnetic storm 11 
before the shock is marked by shadow rectangle. The anomalous points related to Songpan earthquake(16 August 12 
1976, EQ1) are denoted by red cycles filled with green color and to Songpan earthquake (23 August 1976, EQ2) 13 
are denoted by red cycles filled with yellow color.  14 
 15 

One can find that there was a weak geomagnetic storm before the main shock marked by 16 
shadow rectangle with minimum Dst of -32 nT, and distinctly positive disturbances occurred 17 
during the storm at the two stations. Moreover, remarkable enhancements in foF2 during 15:00 18 
LT-17:00 LT (corresponding to D-4 in Fig. 2. It should be pointed out that the D-5 and D-6 are 19 
corresponding to the ionospheric disturbances over Lhasa station, about 1000 km from the 20 
epicenter, not shown) over Chongqing station near the epicenter were observed under quiet 21 
geomagnetic condition, while there was unobvious disturbance in foF2 over Urumuqi station. The 22 
localization is possibly be one of the most important signatures related to seismic activity in 23 
contrast to the global-scale disturbances triggered by geomagnetic storms (Pulinets et al., 2003; 24 
Zhao et al., 2008). This distinct feature was also observed in TEC extracted from the Global 25 
Ionospheric Maps (GIMs) before a moderate M4.7 Chongqing 2010 earthquake (with very shadow 26 
depth of 7 km, releasing comparable energy on the surface with an Ms 5.0 earthquake with depth 27 
of 10 km ) along this fault, Longmenshan (Xu et al., 2012b). In addition, there was a storm after 28 
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releasing energy on the surface comparable with that of an

M 5.0 earthquake with a depth of 10 km) along the Longmen-

shan fault (Xu et al., 2012b). In addition, there was a storm

after the onset of the main shock (day 7), and no distinct dis-

turbances were observed at the two stations. Moreover, iono-

spheric disturbances lasting for 4 h related to the Songpan

earthquake (23 August 1976) are singled out as well in Fig. 5

(denoted by yellow circles), corresponding to day 3 in Fig. 2.

Similarly, there were unobvious disturbances in f oF2 over

the Urumuqi station.

3 Local time variation in Q-disturbance events

Q disturbances are a weakly developed field in ionospheric

physics. By excluding the effects from solar and geomag-

netic activity, quiet time F2-layer disturbances are assumed

to be forced from below, the so-called meteorological control

of the ionosphere (Rishbeth, 2006). The perturbations orig-

inating from the lower atmosphere are tied to atmospheric

waves, including atmospheric tides, planetary waves, and

gravity waves (Lastovicka, 2007). A series of publications

by Mikhailov et al. (2004, 2007, 2009) demonstrated that

Ann. Geophys., 33, 687–695, 2015 www.ann-geophys.net/33/687/2015/
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 6

the onset of the main shock (Day 7), and no distinct disturbances were observed at the two stations. 1 
Moreover, ionospheric disturbances lasting for four hours related to Songpan earthquake (23 2 
August 1976) are singled out as well in Fig.5, denoted by red cycles filled with yellow color, 3 
corresponding to D-3 in Fig. 2. Similarly, there was unobvious disturbance in foF2 over Urumuqi 4 
station. 5 

3  Local time variation of Q-disturbance events 6 

Q-disturbances are a weakly developed direction in the ionospheric physics. By excluding the 7 
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by Mikhailov et al. (2004; 2007; 2009) demonstrated that the main morphological features of 12 
Q-disturbances could be explained in the framework of the contemporary understanding of the 13 
thermosphere-ionosphere interaction. However, the morphology and mechanism of Q-disturbances 14 
are still far from well understood.  15 
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Ionospheric variation exhibits significant regional (longitudinal or latitudinal) characteristics. 20 
To obtain the features of local time variation of Q-disturbances in China, hourly values of foF2, 21 
routinely scaled from three ionospheric observatories, i.e., Chongqing (29.50○N, 106.40○E), 22 
Lanzhou (36.06○N, 103.87○E) and Beijing (40.00○N, 116.30○E), China, during the interval of 23 
1978-2008 (solar cycle 21, 22 and 23) are analyzed. In order to compare with the features of local 24 
time variation before earthquakes as shown in Fig. 3, the criterion of Liu et al.’s (2004) was used 25 

Figure 6. Occurrence of positive and negative Q disturbances ver-

sus local time over Chongqing, Lanzhou, and Beijing.

the main morphological features of Q disturbances could be

explained within the framework of the contemporary under-

standing of the thermosphere–ionosphere interaction. How-

ever, the morphology and mechanisms of Q disturbances are

still far from being well understood.

Ionospheric variation exhibits significant regional (longi-

tudinal or latitudinal) characteristics. To obtain the features

of LT variation in Q disturbances in China, hourly values of

f oF2, routinely scaled from three ionospheric observatories

– i.e., Chongqing (29.50◦ N, 106.40◦ E), Lanzhou (36.06◦ N,

103.87◦ E), and Beijing (40.00◦ N, 116.30◦ E), China, dur-

ing the interval of 1978–2008 (solar cycle 21, 22, and 23)–

are analyzed. In order to compare with the features of LT

variation before earthquakes, as shown in Fig. 3, the crite-

rion of Liu et al. (2004) was used in the statistical analysis

of Q disturbances. This criterion has been widely used in

evaluating variation in F2-layer ionospheric parameters un-

related to earthquakes (Yadav et al., 2010). Q disturbances

refer to hourly f oF2 deviation from UB or LB lasting more

than 3 h, if 3 h geomagnetic Ap indices were ≤ 7 for 24 pre-

vious hours. This condition of geomagnetic activity is the

same as that proposed by Mikhailov et al. (2004). It should

be pointed out that a 27-day running median was used for

the day in question instead of a 15-day running median, and

deviations in NmF2 more than 40 % were referred to as Q

disturbances in Mikhailov et al. (2004). However, the results

show that features of LT variation in positive Q disturbances

obtained by the criteria exhibit similar features, while the op-

posite is true for LT variation in negative Q disturbances. The

behavior according to the different criteria will be discussed

in Sect. 4.

Firstly, we check the LT variation in Q disturbances over

Chongqing. The Chongqing station is located at the main

seismic fault, Longmenshan, in the southwest of China,

 8

How to define the “normal” behaviour of ionosphere treated as reference value to evaluate 1 
ionospheric variation is till an open question. UB and LB can be constructed by different medians. 2 
For example, Dabas et al.(2007) and Sharma et al.(2010) used the monthly median instead of 3 
15-day running median to calculate the bounds. But anomalies of foF2 treated as the precursors 4 
should be distinct (pronounced decreases or increases), thus the discrepancy of medians should not 5 
make significant contribution to the results. Fig.9 shows ionospheric variation several days before 6 
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Figure 7. Local time variation in negative Q disturbances with

Mik04’s criterion, consistent with the result of Mik04.

where the great Wenchuan earthquake occurred. With more

than 3000 Q-disturbance events, the distribution of the oc-

currence of positive and negative Q disturbances versus LT is

presented in Fig. 6. A well-pronounced nighttime peak takes

place for positive disturbances, which is in agreement with

the result achieved by Mikhailov et al. (2004) (from here on

referred to as “Mik04”), whereas negative disturbances ex-

hibit a daytime peak. Despite strong fluctuations, compared

with the results from Chongqing, similar features of LT varia-

tion for positive and negative disturbances over Lanzhou and

Beijing are still visible in Fig. 6. As discussed in Sect. 2, the

positive disturbances in the ionosphere in the daytime, es-

pecially in the afternoon LT sector, are an important feature

of ionospheric anomalies related to earthquakes; this is con-

trary to that of positive Q disturbances (frequent occurrence

at nighttime). This implies that because of their high corre-

lation with earthquakes, much more attention should be paid

to positive anomalies in the afternoon LT sector under quiet

geomagnetic conditions in China.

4 Discussion

It should be stressed that the LT variation in negative Q dis-

turbances is contrary to that of Mik04, in which the negative

and positive disturbances both exhibit similar features, with

significant occurrences in the daytime. Figure 7 shows the

LT variation in negative disturbances obtained by Mik04’s

criterion over Chongqing. One can see that the LT varia-

tion in negative Q disturbances over Chongqing is in line

with that of Mik04. Hence, the discrepancies are possibly

due to the different criteria defining Q disturbances. Accord-

ing to Mik04’s criterion, Q disturbances referred to hourly

(NmF2/NmF2med-1) deviations of more than 40 %. In gen-

eral, the amplitude of the running NmF2 (f oF2) median in

the daytime is much bigger than that at nighttime; hence, us-

ing this criterion, only the data much lower than the median

will be considered as negative disturbances. But the range

www.ann-geophys.net/33/687/2015/ Ann. Geophys., 33, 687–695, 2015



692 T. Xu et al.: Is there any difference in local time variation?

 8

How to define the “normal” behaviour of ionosphere treated as reference value to evaluate 1 
ionospheric variation is till an open question. UB and LB can be constructed by different medians. 2 
For example, Dabas et al.(2007) and Sharma et al.(2010) used the monthly median instead of 3 
15-day running median to calculate the bounds. But anomalies of foF2 treated as the precursors 4 
should be distinct (pronounced decreases or increases), thus the discrepancy of medians should not 5 
make significant contribution to the results. Fig.9 shows ionospheric variation several days before 6 
the main shock of Songpan earthquake (16 August 1976, as shown in Fig.5) tested by the bounds 7 
based on 15-day, 27-day, 30-day running and monthly medians. Despite the different bounds 8 
constructed by the corresponding medians, the same abnormal points (during 15:00 LT -17:00 LT) 9 
denoted by red cycles filled with green color were singled out. Disturbances related to 10 
geomagnetic activity (6 days before the main shock) were also singled out. 11 

 12 

0 4 8 12 16 20

0

2

4

6

8

10
Negative Q-disturbances with Mik04's

fo
F2

(M
H

z)

Local Time
 13 

Fig. 7. Local time variation of negative Q-disturbances with Mik04’s criterion, consistent with the result of Mik04. 14 

4

8

12

16

5 Apr. 2002

fo
F2

(M
H

z)

6 Apr. 2002

Mik04's UB  Mik04's LB  Liu's UB  Liu's LB observed 

0 4 8 12 16 20
4

8

12

16

20

16 Apr. 2002

fo
F2

(M
H

z)

Local Time
0 4 8 12 16 20

15 Jun. 2002

Local Time
 15 

Fig. 8.  Examples of discrepancy related to negative disturbances defined by the two criterions: Liu’s and 16 
Mik04’s. The observed data deviate from the lower bound of Liu’s, treated as negative disturbances, but was 17 
covered by the range of Mik04’s, and tread as normal variation. 18 

Figure 8. Examples of discrepancy related to negative disturbances

defined by two criteria: Liu’s and Mik04’s. The observed data devi-

ate from the lower bound of Liu’s, treated as negative disturbances,

but are covered by the range of Mik04’s, and treated as normal vari-

ation.

of UB and LB, calculated by Liu’s method, is mainly de-

termined by the deviation distribution, rather than the run-

ning median. For more illustrative interpretation, Fig. 8 dis-

plays several examples of negative ionospheric disturbances

in f oF2 over Chongqing with Liu’s criterion. As discussed

above, the observed data of f oF2 obviously deviated from

Liu’s lower bound during daytime, but they were covered by

Mik04’s criterion, and hence were not considered as neg-

ative disturbances (did not exceed Mik04’s lower bound).

However, with the two criteria, we obtain similar features of

LT variation in positive Q disturbances, which is contrary to

those triggered by earthquakes.

How to define the “normal” behavior of the ionosphere

treated as a reference value to evaluate ionospheric varia-

tion is still an open question. UB and LB can be constructed

by different medians. For example, Dabas et al. (2007) and

Sharma et al. (2010) used a monthly median instead of a 15-

day running median to calculate the bounds. But anomalies

of f oF2 treated as the precursors should be distinct (pro-

nounced decreases or increases); thus the discrepancy of me-

dians should not make a significant contribution to the re-

sults. Figure 9 shows ionospheric variation several days be-

fore the main shock of the Songpan earthquake (16 August

1976, as shown in Fig. 5), tested by the bounds based on 15-

day, 27-day, and 30-day running and monthly medians. De-

spite the different bounds constructed by the corresponding

medians, the same abnormal points (during 15:00–17:00 LT),

denoted by greeb circles, were singled out. Disturbances re-

lated to geomagnetic activity (6 days before the main shock)

were also singled out.

However, further investigation, especially validation of the

reported ionospheric anomalies before earthquakes, is re-

quired in future research. The existence of and temporal vari-

ation in ionospheric anomalies before earthquakes are still

controversial (Rishbeth, 2006). A number of papers have

reported on the ionospheric disturbances before the 2008

Wenchuan earthquake, but why were there no ionospheric

anomalies before the M = 7.0 2013 Ya’an earthquake (He

et al., 2014), along the same Longmensan fault? Why are

there fewer reports on ionospheric anomalies before earth-

quakes located in high latitudes? And why do the ionospheric

anomalies before earthquakes exhibit distinct features of LT

variation? In addition, Kon et al. (2011) statistically analyzed

TEC anomalies associated with M ≥ 6.0 earthquakes dur-

ing the 12-year period of 1998–2010 in Japan, but the re-

sults were rebutted by Masci (2012), who attributed these

disturbances to geomagnetic activity. Recently, Kamogawa

and Kakinami (2013) claimed that the variation in slant TEC

from 40 min before the Tohoku earthquake, reported by Heki

(2011), was due to a tsunami rather than a precursory en-

hancement.

On the other hand, although an improved coupling model

for lithosphere–atmosphere–ionosphere coupling was devel-

oped by several authors (Sorokin and Hayakawa, 2013; Kuo

et al., 2014), the mechanism of the seismo-ionospheric pre-

cursor is far from being well understood. There is a ten-

dency of transition from acoustically-driven mechanisms to

electric-field coupling (Pulinets and Davidenko, 2014). The

seismogenic electric field is postulated due to the emission

of radioactive particles (radon) into the atmosphere within

the area of the earthquake preparation zone. The anoma-

lous electric field then penetrates into the lower ionosphere

and disturbs the ionosphere. Kim et al. (1994) first calcu-

lated the electric field in the ionosphere as about 1 mV m−1

in a columnar coordinate, for a given external vertical elec-

tric field of 1000 V m−1. However, the electric field might

be overestimated. In the presence of a normal vertical elec-

tric field of ∼ 100 V m−1, Ampferer et al. (2010) and Xu et

al. (2015) obtained a rather weak electric field of ∼µV m−1

in the ionosphere, due to the low conductivity of the atmo-

spheric layer. To obtain an electric field of ∼mV m−1 in

the ionosphere, the ground vertical electric field should be

105 mV m−1, and such a huge value has not been observed.

A typical ionospheric background electric field of 1 mV m−1

dominantly induced by neutral air wind, i.e., E =U ×B, will

produce a plasma drift velocity of about 40 m s−1 in the equa-

torial ionosphere through the effect of E×B. Hence, the

∼µV m−1 electric field only leads to ∼ 0.04 m s−1 drift ve-

locity, which need not be considered in investigating iono-

spheric variation. Sorokin and Hayakawa (2013) obtained

several mV m−1 electric field in the ionosphere by introduc-

ing an external current, Je, generated by charged aerosols

injected into the atmosphere and keeping the total current

divergence-free; (J + Je)= 0. However, in a recent paper,

Pulinets and Davidenko (2014) doubted the existence of

charged aerosols, and proposed the concept of the global

electric circuit (GEC), providing a reasonable explanation of

the anomalous electric field in the ionosphere, due to the de-
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Figure 9. Ionospheric variation several days before the main shock, checked by the bounds based on 15-day, 27-day, and 30-day running and

monthly medians. The same anomalous points were singled out.

creasing atmospheric conductivity and the increasing iono-

spheric potential. In contrast, Omori et al. (2007) argued that

the radon emanation increased the number density of small

ions and the atmospheric conductivity, consequently decreas-

ing the atmospheric electric field, a view also shared by Har-

rison et al. (2010).

5 Conclusions

The difference of LT variation in f oF2 between earthquake-

induced and Q-disturbance events in China was analyzed.

The results show that positive disturbances in f oF2 due to

earthquakes are frequent in the daytime, especially in the af-

ternoon LT sector, but Q disturbances are frequent at night-

time. It is very difficult to obtain a unique feature of iono-

spheric precursors for the prediction of earthquakes, due to

complicated variation in the ionosphere. However, these con-

trary features (i.e., positive disturbances are frequent in the

daytime/nighttime related to earthquakes/Q disturbances) in-

dicate that pronounced enhancement in the F2-layer in the

afternoon LT sector under quiet geomagnetic conditions in

China is quite possibly due to a forthcoming earthquake.

With information of spatial distribution (i.e., the local charac-

teristics limited around the epicenter) of ionospheric anoma-

lies, the LT variation in f oF2 is expected to be a helpful fea-

ture in distinguishing seismo-ionospheric precursors. Since

the 2008 Wenchuan earthquake, the Chinese government has

become more conscious of the importance of ionospheric

precursors. A seismo-electromagnetic satellite inspired by

the successful application of the DEME-TER satellite (Li

and Parrot, 2013) is in the process of being constructed,

and a high-resolution ionospheric observation network (GB-

HIO) comprising 5 vertical and 20 oblique sounding stations

for seismo-ionospheric monitoring was established in 2009

(Xu et al., 2011b). Combining ground-based observations

of ionospheric parameters, seismo-electromagnetic signals,

and other phenomena could be helpful in understanding the

features and mechanisms of pre-earthquake anomalies in the

ionosphere.
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