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Abstract. This paper studies seismo-electromagnetic2001, 2004, 2006, 2009, 2010, 2011) reported the electron
anomalies observed by the French satellte DEMETERdensity in terms of the ionospheric F2-peak plasma fre-
(Detection of Electro-Magnetic Emissions Transmitted from quencyfoF2 and the total electron content (TEC) frequently
Earthquake Regions) during the 27 February 2616- 8.8 and significantly decrease or increase 1-6 days before large
Chile earthquake. The nighttime electron densitye)( earthquakes by using a median base analysis that consists of
electron temperaturef), ion density {V;), ion temperature the running median of the previous 1-15 day observation and
(T) and whistler counts(y,) are investigated. A statistical associated lower/upper quantile. On the other hand, Oyama
analysis of the box-and-whisker method is applied to seeet al. (2008) examined data of Hinotori satellite and found
if data of two or more groups under study are significantly ionospheric electron temperatures around the epicenters sig-
different. A cross-examination of temporal variations before nificantly decreased in the afternoon periods within 5 days
and after shows thaVe and Nj (Cy) increases (decreases) before and after 3 earthquakes: 22 November 198% 6.6,
appear 10-20days before the earthquake. A comparisohl January 1982 = 7.4 and 11 January 198% = 6.6

of data over the epicenter and those over its reference aregarthquakes over the Philippines. More recently, Oyama et
can be employed to discriminate the earthquake-relatedl. (2011) analyzed the ionospheric responses during the
anomalies from global effects. Results prove that anomaloud981M = 7.5 Chile earthquake by means of the DE-2 satel-
enhancements d¥e, Nj, andT; occur specifically around the  lite and observed a minimum of thetQon density near the
epicenter area. The intersection of the temporal and spatiapicenter developing 5 days before the earthquake. However,
results confirms thaive and N; are useful and sensitive opposite to the decrease anomalies reported by Oyama et al.
detecting anomalous related to the 20M)= 8.8 Chile (2011), PiSa et al. (2011) observed an anomalous increase

earthquake. of the O ion density by DEMETER/IAP over the epicenter
area 10-20 days before the 27 February 2018 8.8 Chile
earthquake.
It is known that whistlers are ELF/VLF waves, which of-
1 Introduction ten originate in the lightning discharges and propagate along

the magnetic field lines. The whistler dispersion parameter
Seismo-ionospheric anomalies have been intensively investiis defined by the Eckersley law = tf1/2 (Helliwell, 1965),
gated (e.g., Hayakawa and Fujinawa, 1994; Hayakawa, 1999vherer is the time delay and th¢ is the wave frequency.
Hayakawa and Molchanov, 2002; Pulinets and Boyarchuk/|n general, whistlers with high dispersion come from the
2004; Molchanov and Hayakawa, 2008). Liu et al. (2000,
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Fig. 1. The global distribution oiVe, Te, Nj, Tj, andCy 10—20 dayga) before andb) after the Chile earthquake (from top to below). The
red star denotes the epicenter. The black curve is the geomagnetic equator. The dashed and solid circles represent the earthquake preparati

area and the reduced analyzing region, respectively.

Table 1.lonospheric parameters near the Chile earthquake.

Ne Te Ni T| CW
upper quartile  34866.30 2344.80 18982.30 111458 29
before median 28737.80 2113.39 13413.70 920.55 16

lower quartile  23371.65 1969.64 8076.93 843.03 8

upper quartile  23993.50 2251.10 7984.22 985.738 50
median 19249.20 2069.13 4892.11  830.66 29
lower quartile  15839.20 1967.39 2197.16 784.837 17

after

opposite hemisphere or are due to whistlers going severdiound that whistlers with anomalous dispersions are likely to
times back and forth in the magnetosphere (Hayakawa et alhe closely correlated witi = 6.0 earthquakes. Due to the
1993; Elie et al., 1999). In fact, ELF and VLF waves are re- waves and particle interaction, energetic particles precipitate
lated not only to lightning but also to earthquakes (Pulinetsfrom the magnetosphere and result in the associated flux in-
and Boyarchuk, 2004; Athanasiou et al., 2011; Sidiropouloscrease in the ionosphere, which can be considered as a seis-
et al., 2011; Anagnostopoulos et al., 2012). Hayakawa et almic precursor (Boskova et al., 1994; Battiston, 2012).

(1993) statistically examined whistlers at low latitudes and

Nat. Hazards Earth Syst. Sci., 13, 32813289 2013 www.nat-hazards-earth-syst-sci.net/13/3281/2013/
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Table 2. Difference of ionospheric parameters before and after the Chile earthquake.

ANe ATe AN; AT ACw
upper quartile  13680.56  168.46 12205.30 180.24-2
EQK region median 8302.34 48.36 7632.02 97.30 —-15

lower quartile  3794.24 -52.15 3203.61 3289 -32

upper quartile  4317.15 62.39 5008.26 90.653 12.25
Ref region median 436.93 —33.28 2535.99 29.77 -8
lower quartile —4643.26 —130.07 41.31 —48.27 —-43
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Fig. 2. The statistical analysis of the parametéys, Te, Nj, Ti, andCy, in the epicenter region before and after the Chile earthquake. The
black and gray boxes denote data observed before and after the Chile earthquake, respectively. Each parameter has been factorized to fit in
the figure (the factor is denoted under thaxis).

DEMETER satellite is a micro-satellite that observes the counts simultaneously recorded by DEMETER during the
region within 65 geomagnetic latitude in a 680 km altitude, M = 8.8 Chile earthquake.
98.3 inclination orbit. It is a sun-synchronous satellite and
passes at almost the same local time everywhere at 10:30 and ]
22:30LT. It was launched in June 2004 and stopped in De2 Observation

cember 2010. Its main scientific objectives are the detection

and characterization of ionosphere electrical and magneti§8r7nggn£u‘je 8.8 ﬁa'rtggl;azlée 3(;(;c;rlrzed in Chile t.(35$t$]
disturbances in connection with seismic activity (Cussac e ' geograpnic, £5. 74, -3 E geomagnetic) wi

al., 2006). DEMETER carries 6 payloads: IAP (Instrument 35km d,evpth at 06:34 UT (Universal T'F“e) on 27 February

d’Analyse du Plasma) detecting the plasma density and thgmo‘ Pisa et al. (2(_)11) fou_nd no obvious ar_nomaly can be
ion composition (Berthelier et al., 2006); ISL (Instrument detecte_d on the_daytlme orb|-ts (the Iocal_mo_rnlln.g hour;), but
Sonde de Langmuir) measuring the electron density and temt-he O ion densityN; of the nighttime orbit significantly in-

perature (Lebreton et al., 2006); RNF (Réseau de Neuronegreased 10-20days before the earthquake. Here we also fo-

Formel) performing an automatic identification and classi- °Us ON the nighttime DEMETER parameters. Figure 1 illus-

fication of the whistlers from ELF—VLF electric field mea- trates global distributions of the electron deng¥y electron

+ i i A 1
surements (Elie et al., 1999), and ICE (Instrument ChamptemperatureTe, O ion densityN;, ion temperaturdy, and

: : . histler countsCy, (for detailed definition, see Elie et al.
Electrique), IMSC (Instrument Magnetic Search Coil), and W o w ' L
IDP (Instrument for the Detection of Particle) recording the 1999) within 10-20 day before and after the earthquake. It is

electric field, magnetic field, and high energy particles, re-fob‘:”‘?' that, aro‘;'j”d the epioentele a”gT]L (th)hrema’t"r‘]' )
spectively. PiSa et al. (2011) reported theé @n density ably increase (decreases) 10-20 days before the earthquake,

around the epicenter remarkably increased 10-20 days bé’yh"e Te yleld_s no obvious c_hanges.

fore the 27 February 2018 = 8.8 Chile earthquake. In this We quantitatively examine changes of the above pa-
paper, we extend their study utilizing the first 3 payloads tem_rameters around the epicenter before and after the_ earth-
porally and spatially examining the electron density, electronquake' Dobrovolsky et al. (1979) suggested that in the

: P : lithosphere the earthquake preparation area can be esti-
temperature, ® ion density, ion temperature, and whistler . _
P v P mated byR =10°43M, whereR is the radius of the earth-

quake preparation zone from the epicenter amdis the

www.nat-hazards-earth-syst-sci.net/13/3281/2013/ Nat. Hazards Earth Syst. Sci., 13, 32889 2013
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Fig. 3. The temporal variations of F10.K,,, index (the first panel) and observations of the nearest orbit passing over the epicentet in a 20
latitudinal range by DEMETER 60 days before and 30 days after the Chile earthquake. From the second to the sixth panéls akeT;
andCy, respectively. The vertical line denotes the earthquake day, and the dashed line denotes 20 and 10 days before the earthquake.

forthcoming earthquake magnitude. For the= 8.8 Chile  the other’'s upper and lower quartiles (i.e., box), the two are
earthquake, we obtaiR = 6081 km. However, DEMETER declared to be significantly different. Figure 2 reveals that
observes the area below6variant latitude. To avoid ex- around the epicent&¥, and N; significantly increase; how-
ceeding the observed latitude and to remove the data in thever,Cy significantly decreases 10—20 days before the earth-
sub-auroral zone, an analysis radius=R2926 km has been quake (details are shown in Table 1). Althoulyl, »j, and
given instead (the solid circle in Fig. 1). We first statisti- Cy, anomalous around the epicenter are statistically signifi-
cally investigate anomalies of each parameter with box-andeant, they still cannot be confirmed to be earthquake-related,
whisker (box) plots (Wilcox, 2010) within the Ra radius from because global effects, such as solar radiations, solar winds,
the epicenter 10-20 days before (Fig. 1a) and after (Fig. 1bjnagnetic storms, neutral winds, etc., could result in similar
the earthquake. The lower (upper) quartile is the number suclanomalies. To discriminate the global and earthquake (local)
that at least 25 % (75 %) of the sorted observations are lessffects, we have to conduct either a temporal study by ex-
(greater) than or equal to it. In the plot, the ends of a box areamining data over the epicenter in various years, like the ap-
the upper and lower quartiles. The horizontal line in the boxproach of PiSa et al. (2011), or a spatial study by comparing
denotes the statistical median. The dots are the outliers thatata over the epicenter with those of a reference area, which
exceed 1.5 times the interquartile range from the end of thausually is far from the epicenter but with the same magnetic
box and are unusually small or large. The lines extending outatitude.

from the box are called whiskers. The ends of the whiskers For the temporal study, PiSa et al. (2011) performed a sta-
mark the smallest and largest values that are not outlierstistical analysis withn; in the vicinity of the epicenter in
When one median (i.e., horizontal line) does not overlap withthe first 3 months of the years 2007-2010 and observed a

Nat. Hazards Earth Syst. Sci., 13, 32813289 2013 www.nat-hazards-earth-syst-sci.net/13/3281/2013/
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Fig. 4. Similar to Fig. 3, the parameters observed along the reference longitudez108
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large increase 10-20days before the main shock. To crossdispersion 1D < 2.5$72) and find no obvious anomalies in
compare withV; reported by PiSa et al. (2011), we simulta- Cy, 10—20 days before the earthquake.

neous examindle, Te, Nj, Ti, andCy, along the orbit near the
epicenter within a latitudinal range of 1@rom the epicenter

Figure 3 displays thalve and N; yield the greatest val-
ues 10-20 days before the earthquakg;greatly increases

60 days before to 30 days after the earthquake. Figure 3 dist0—20 days after the earthquakig;reaches the greatest val-
plays a comparison of the overall study period. The geomagues 40-60 days before; afdslightly increases 10-20 days

netic indexkK, <5 and solar flux in 10.7cm (Lean, 1991) before. The above complexities suggest that a sole/simple
F10.7< 95.5 reveal that the geomagnetic and solar activitiestemporal study is very difficult to identify seismo-electric
are in a relatively quiet condition during this period. How- anomalies. To confirm the anomalies, we further examine the
ever, it still can be noticed that there is a F10.7 increase durparameters away from the epicenter. Here, to avoid possible
ing 10-20 and 40-50 days before the earthquakeand N; contamination of earthquakes and to conduct a sensible com-
significantly increase 10-20 days before and slightly increasgarison, we take an area far away from the epicenter but at the
40-50 days before the earthquake. Note that the time periodame geomagnetic latitude as the reference, which centers at
of 40-50days before the earthquake is much earlier thari3® S, 108 E. To conduct a comprehensive investigation, we
the lead time of 18—-26 days of the statistical result reachedilso examine the parameters at a mid-location between the
by 79M > 6.0 earthquakes in the Chile area during 1999—epicenter and the reference, which centers &1 93 E.
2011 (Ho et al., 2013), and therefore we mainly focus onFigure 4 reveals no significant anomaliesvipandNe, while

the period 10-20 days before the earthqudkel0—20days Fig. 5 depicts thatve and N; yield large values 10-14 days
before the earthquake is slightly cooler than 40-60 days bebefore the earthquake. The two figures display thagener-
fore. However, comparing observations after the earthquakeally increases, an@le and7; remain at similar values during

it yields no clear anomalies. We also examine the whistler ofthe whole observation. The significant differences between

www.nat-hazards-earth-syst-sci.net/13/3281/2013/ Nat. Hazards Earth Syst. Sci., 13, 32889 2013
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2010 Chile earthquake (epicenter-90° Lon.)
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Fig. 5. Similar to Fig. 3, the parameters observed between the epicenter and the reference longiflile, 193

Figs. 3 and 4 (or 5) indicate that the seismo-electric anoma3 Discussion and conclusion
lies most likely appear over the epicenter region.
To discriminate the global or local effects, we conduct Research shows that seismo-ionospheric anomalies of GPS

a spatial analysis by cross-comparing each parameter obfEC appear 1-6days before large earthquakes (Liu et al.,
served over the epicenter region with that at the referenc&000, 2001, 2004, 2006; Chen et al., 2004; Akhoondzadeh et
area Centering at 23, 108 E within 10-20 days before and al., 2010a, b; Le et al., 2011) However, it can be seen that the
after the earthquake. The analysis radius at the epicenter arfifismo-electric anomalies of DEMETER appear 10-20 days
that at the reference center should be identical to have serefore theM = 8.8 Chile earthquake observed in this study
sible cross-comparisons. We first compute the difference oftnd that of PiSa et al. (2011), which is much earlier than that
each parametek Ne, AN;, ATe, AT;, andACy between 10—  reported by previous research. Ho et al. (2013) statistically
20 days before and after (for example, Fig. 1a minus 1b ob£Xamine occurrence proportions of the GPS TEC anomalies
taining Fig. 6, accordingly). Figure 6 reveals thae and ~ associated with 79/ = 6.0 earthquakes in the Chile area
AN; (ACy) in the epicenter area are greater (is less) thanduring 1999-2011. They find that anomalous increases of the
those (that) in the reference region. Howevef, andA7; ~ GPS TEC most likely appear 18-26 days before the earth-
in the conjugate of the epicenter enhance. We further statisquakes in the Chile area, which generally agrees with the
tically investigate the differences of each parameter in thelncrease anomalies iN; and Ne appearing 10-20 days be-
epicenter and the reference area between 10—-20 days befol@re the Chile earthquake observed in this paper. Although
and after the earthquake. Figure 7 reveals that anomalies dhe causes of the long lead time of seismo-electric anomalies
ANe, ANj, and AT; in the epicenter area are significantly are not fully understood, the underground structure/property
greater than those in the reference (details are in Table 2). and focal mechanism should play important roles.

Nat. Hazards Earth Syst. Sci., 13, 32813289 2013 www.nat-hazards-earth-syst-sci.net/13/3281/2013/
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T; and T, anomalies to be very complex. The results in this
4 paper show that th& anomaly is insignificant while th&

%10 anomaly is marginally significant. Nevertheless, the anoma-
lies of T} andTe are less significant than those &f and Ne.
Scientists report thafe in the ionosphere is determined by
the heat balance between the heating by photoelectrons, cool-
ing through Coulomb collisions with ions, and heat conduc-
tion along the magnetic field lines (cf. Kakinami et al., 2011).
Schunk and Nagy (1978) showed that the rapid energy trans-
1000 fer from the electrons to the ions and from the ions to the neu-
500 trals results in small temperature differences between elec-
trons, ions, and neutrals. Both positive and negative correla-
tions between th&Ve and T, have been reported. Kakinami
-500 et al. (2011) reported that the U-shaped relation includes a
-1000 negative correlation for lower values of; and a positive

correlation for higher values d¥e. They showed that after

L i
\ ; i about 20:00 LT, bothVe and Te follow the usual nighttime

before-after

ANe (cm's)

ATe (K)

decay until sunrise and a positive correlation betw®gand
Te is detected. Their U-shaped relation at 20:00-22:00 LT
and 22:00-24:00 LT further reveals that, although there was
-5000 a positive correlation, a large amountéf increase can sim-

ply cause a small amount @t increase. This might explain
1000 the insignificance of th&, anomalies.

Figure 3 reveals that the area of significamt (Ng)
= changes goes from Australia to Chile covering the whole
> southern Pacific 10-20days before the Chile earthquake,
-500 which seems to suggest the earthquake preparation area be-
ing vast. Note that the vast area is partially overlapped in

Latitude

1000 the Weddell Sea area where the nighttiveis significantly
108 greater than the daytime one in summer in the Southern
50 Hemisphere (Lin et al., 2010). Thus, the seisMpanoma-
5 é lies in the vast area could be contaminated by the Weddell
Sea anomaly.
-50 Liu et al. (2013) statistically studied low-latitude whistlers
: ) , -100 and 20 M =5.0 earthquakes in Taiwan, and found the
0 60 120 180 240 300 360 whistlers around the epicenters significantly decrease before
Longitude the earthquakes. They suggested that whistlers depart from

Fig. 6. The differences of each parameter between 10-20 days bet-he igrthtgluetjke prep_aratlon a:je?r'] Whlc.:h r?SUItAsltlr? Whtl]sfttle_rs
fore and after the Chile earthquake. The red star and black line geS'gnincantly decreasing aroun € epicenter. ough it 1s

note the epicenter and the geomagnetic equator, respectively. THaot statistically significant, the whistlers tend to reduce over

dashed line circle is the earthquake preparation zone, and the solithe epice.nter. (Figs. 1, 2, and 4; Table 1), which generally
line circles are the reduced analyzing region in the epicenter and@grees with Liu et al. (2013).
reference point. Anagnostopoulos and Papandreou (2012) reported possi-

ble links between space condition and large earthquakes.
Therefore, to identify seismo-electric anomalies, it is essen-
Sarkar et al. (2012) observed thsg and Te of DEME- tial to discriminate between global and local effects. It is
TER concurrently increased around the epicenter 1 day beknown that earthquake-related anomalies are local effects,
fore the 201QV = 7.0 Haiti earthquake. Oyama et al. (2008) while solar radiations, solar winds, magnetic storms, neutral
reported thafs of the Hinotori satellite decreased around the winds, etc. can trigger anomalies all over the world, which
epicenters within 5 days before and after the thvee- 6.6 are generally termed global effects. The observations over
earthquakes during 1981-1982. Akhoondzadeh et al. (2010dhe epicenter area and those over its reference shall simul-
b) found that7. of DEMETER decreased 4 days before taneously experience the same global effects. The box-and-
but increased 2 days before the 2009= 8.1 Samoa earth- whisker method is applied to discriminate the earthquake-
quake. Various leading days/times and complex polaritiegelated effects from the global ones. Figures 6 and 7 show
(i.e., increase or decrease) suggest causal mechanisms of the

www.nat-hazards-earth-syst-sci.net/13/3281/2013/ Nat. Hazards Earth Syst. Sci., 13, 32889 2013
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Fig. 7. The statistical analysis on the differences at the epicenter and reference region before and after the Chile earthquake. The black anc
gray boxes denote data observed in the epicenter and reference region (P.éong80de shifting), respectively.

that the Ne, Nj, andT; anomalies are very likely related to Haiti earthquake, Nat. Hazards Earth Syst. Sci., 11, 1091-1098,
the M = 8.8 Chile earthquake. doi:10.5194/nhess-11-1091-2Q2D11.

In conclusion, to discriminate global and local effects, Battiston, R.: Magnetosphere-litosphere correlations using NOAA
both temporal and spatial analyses are required. Temporal €léctron data, Earthquakes Early Warning from Space, Erice-
analysis is useful to monitor and detect anomalies at a cer- SiCilY. ltaly, 21-24 October, 2012.
tain area, while spatial analysis is essential to confirm thePerthelier. J., Godefroy, M., Leblanc, F., Seran, E., Peschard, D.,
detected temporal anomalies related to the local effect (possi- Gilbert, P, and Artru, J.: 1AP, the thermal plasma analyzer on

. . . DEMETER, Planet. Space. Sci., 54, 487-501, 2006.

bly a forthcoming earthquake). Results in th_|s_study qemon'Boskova J., Smilauer, J., Triska, P., and Kudela, K.: Anomalous be-
strate that theV; and Ne anomalies are statistically signif-  hayiour of plasma 14 parameters as observed by the intercosmos
icant, which are most likely the seismo-electric anomalies 24 satellite prior to the Iranian 15 earthquake of 20 June 1990,
appearing before the 2010 = 8.8 Chile earthquake. Studia geoph. et geod., 38, 213, 1994.

Chen, Y.-l., Liu, J.-Y., Tsai, Y.-B., and Chen, C.-S.: Statistical Tests

for Pre-earthquake lonospheric Anomaly, Terr. Atmos. Ocean.
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