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AnHotanus. VccnenoBanock mosHoe 3nekrpoHHoe conepxkanne (TEC) B monocdepe nmo m3mepenusim GPS HempepbiBHO
JIEUCTBYIOMNX OIOPHBIX CTAaHIUH mepex XyOcyrymnbckuM 3emierpsicenneM Mwo6.7 11 smBapst 2021 r. Mel ucrions3oBamu 16
OIOPHBIX CTAHLMI BKJIIOYas § CTaHIMI B 30HE HOATOTOBKH 3€MIICTPSICEHUS U Ipyrue 8§ CTaHIMIA BHE 30HBI I/ CPaBHEHUA B Teue-
nue 30 gHeit 1o 3emnerpacenus. AHomanus B Bapuanusax TEC ompenernsiack M0 OTKJIOHEHHIO OT IPaHULl, PACCYUTAHHBIX C TIOMO-
IIBI0 METOJIA IVIABHBIX KOMIIOHEHT. Kpome Toro, uto0sl nccienoBath (axropsl, Bei3biBatomue Bapuaun TEC, oTaensHo ot ceii-
CMMYECKOTO TIPOLIECCA, AHATIM3UPOBAIUCH MHIEKChI TeOMarHuTHOM (Ds?, K;)) u conneunol (Benbimiky, £710.7) aktusHOCTH. Pesyiib-
TaThl OKAa3aJIM, YTO OTYETIIMBO BhIpakeHHOe HapacTanue TEC Halmomanock 1o BceM cTaHimsaM Ha 19-20 neHs 10 3eMieTpsiceHus,
9TO, BO3MOXKHO, OBIIO CBSI3aHO C TEOMAarHUTHOW aKTHBHOCTHI0. OTHAKO B OCHOBHOM IOJIOXHTENNBHBIC OTKIIOHEHHS B BEPTHKATEHOM
TEC 6bumn o6HapyxeHsl Ha 12—13 n 2—3 mHU 10 3eMIITpsICEHHS 110 OOJBIIMHCTBY CTAHIUH BO BpeMs IIEPHOAA CIOKOHHOI KOCMH-
4yeckoi morozsl. [TockosbKy 3TH aHOMaIMU HAOIOJAINCE ¥ BHYTPU M BHE 30HBI IIOJTOTOBKU 3€MJICTPSICEHUS B OOIIMPHON 001acTH
KOHTHHEHTa, TpeOyeTcs JalbHelIee HCCIeT0BaHNe JUTS OTOXKICCTBICHHS 9TOr0 dddeKxra.

Karouessble cioBa: GPS-TEC, anomanust TEC, npensecTHUK 3emieTpsiceHus, XyOCyrynbckoe 3emieTpsiceane Mwo.7.

Abstract. In this paper, we examined the total electron content (TEC) in the ionosphere measured by GPS based continuous-
ly operating reference stations (CORS) before Mw6.7 earthquake occurred on January 11, 2021. We used 16 CORS stations in-
cluding eight stations in an earthquake preparation zone and other eight stations outside the zone for the comparison throughout
30 days prior to the earthquake. The anomaly in TEC variations was identified by deviation from limits calculated by principal
statistical method. Moreover, to analyze the inducing factors for TEC variation aside from seismic process, the results were ana-
lyzed with geomagnetic activity (Dst, K;,) and solar activity (flares, 110.7). The results show that distinct increment in the TEC
observed on 19-20™ day over all stations prior to the earthquake which is possibly associated to the geomagnetic activity. How-
ever, mostly positive deviations in vertical TEC is detected on 12—-13" day and 2-3™ day prior to the earthquake over most of
stations during a quiet space weather period. Since these abnormalities are observed on both in and outside the earthquake prepa-
ration zone within the vast region of continent, further investigation is required to distinguish the effect.

Keywords: GPS-TEC, TEC anomaly, Earthquake precursor, Mw6.7 Khuvsgul earthquake.

INTRODUCTION In addition, total electron content (TEC), the de-
scriptive parameter in the ionosphere, has been analyzed
in numerous studies using measurements derived from
ground-based instrumentations, such as GPS receivers
and Ionosonde [e.g. Zaslavski et al., 1998; Liu et al.,
2000, 2004; Guo et al., 2015; Sharma et al, 2020]. Ac-
cording to the results, TEC anomalies, depletion or en-
hancements, were detected before strong earthquakes
occurred around the world. Specifically, GPS derived
TEC variations demonstrated a possible pre-earthquake
TEC anomaly between 0 and 20 day before earthquakes
by [Pulinets, 2009, Liu et al., 2011, etc].

Mongolia is seismic prone country, recently Mw6.7
earthquake where occurred on Jan 11, 2021 in Khuvsgul
province. The epicenter was located at 51.3285° N and
100.3744° E. As it is recent moderate seismic event, we
examined its possible pre-earthquake ionospheric pre-
Ccursor.

Earthquake prediction has been always one of the most
concerning studies for not only seismologist but also re-
searchers from broad backgrounds as it possesses risk to
human life and property. Before LAIC model, which inter-
prets physical processes rising before earthquake as a com-
plex system [Pulinets, Ouzounov, 2011], earthquake pre-
diction was limited only to elusive seismic data analysis
[e.g., Matsumura, 2009; Geller, 1997] and geological ap-
proach. However, as postulated in LAIC model, short term
earthquake precursors would be observed in the atmos-
phere and ionosphere associated with the earthquake prep-
aration process such as emanation of various gaseous [Pul-
inets, 2004] and formation of positive holes [Freund, 2009;
Grant et al., 2015]. Following the discovery of ionospheric
disturbance before Alaska 1964 earthquake [Leonard et al.,
1965], ionospheric precursors has emerged as a promising
parameter in pre-earthquake phenomenal study [Parrot,
1995; Freund, 2009; Pulinets, Ouzounov, 2011; Le et al.,
2011; Piscini et al.,, 2017; Liu, 2018; Ouzounov et al., DATA AND METHOD
2021]. For instance, Pulinets [2007] and Liu et al. [2000] In this study, we used data from 16 CORS stations
observed noticeable decrease in fF, layer of ionosphere  including eight in earthquake preparation zone (EPZ)
before certain strong earthquakes. Also, Liperovsky et al.  and eight outside the zone for 30 days prior to the earth-
[2005] discovered increase in ionospheric E layer disturb-  quake. The EPZ radius is determined by the equation
ance before great earthquakes. dependent of moment magnitude of the earthquake [Dob-
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Figure 1. GPS stations used in the study

rovolsky et al., 1979] R=10"*"" where R is the EPZ
radius from earthquake epicenter [km] and M is moment
magnitude of selected earthquake. The EPZ radius is
estimated to be 624 km for the Mw6.7 earthquake. The
zone is shown in Figure 1 by red circle. Also, red star
represents the earthquake epicenter, green and blue tri-
angles represent CORS stations in EPZ and outside EPZ
respectively.

GPS receiver data were processed by open source
software called GPS-TEC developed by Gopi Seemala.
TEC along the slant ray paths between a satellite and a
ground station (sTEC) is calculated by difference be-
tween pseudo-ranges P1 and P2 as the following equa-
tion [Blewitt, 1990]:

2 2
sTEC:—(.J?fZ).Z (P-P),
k(s 1)
where f; and f, are GPS signal frequencies

(fi=1575.42 MHz and f,=1227.60 MHz) and K=80.62
(m’/s%) is a constant that relates the plasma frequency to
the electron density. TEC is reported in TEC unit, where
1 TECU=10" el/m”. Also, vertical TEC which consid-
ers zenith angle and biases of satellite and receiver can
be obtained as,

.. | R, coscosa
vIEC = (sTEC—bé —bﬁ)arcsm sin| ——

R +h

where b, and b, are the estimated satellite and receiver
biases [Ma, Maruyama, 2003; Sharma et al., 2020]. The
satellite and receiver biases files (plp2 and plcl) were
obtained from CODE analysis data center, university of
Bern (AIUB), and orbit files (Sp3) were obtained from
IGS.

Furthermore, for the identification of seismo-
ionospheric anomaly, the running median of 15 days

(TEC), considering diurnal and seasonal variations, and

standard deviation o were computed to construct the
upper and lower bounds.

Upper Boundary(UB) =TEC +1.50,

Lower Boundary(LB) =TEC —-1.50,

vTEC values above the upper bound or below the lower
bound are considered as anomaly. In this paper, TEC
anomaly is expressed as dTECU.

TEC - UB, while TEC > UB,
dTECU < 0, while TEC < UB, TEC > LB,
LB —-TEC, while TEC < LB.

GEOMAGNETIC AND SOLAR ACTIVITY
DURING THE OBSERVATION

Aside from earthquake, there are various inducing
factors for TEC disturbance. Hence, we considered solar
and geomagnetic activity factors to discriminate the
detected anomaly due to the earthquake. Disturbance
storm time index Dst and geomagnetic index K, are
presented to measure geomagnetic activity. Dst and
geomagnetic three-hour K, data is obtained from World
Data Center for Geomagnetism, Kyoto University and
GFZ German Research Centre for Geosciences, respec-
tively. As for the solar activity magnitude, since there
were no significant solar flares to affect the ionospheric
disturbance, solar radio flux at 10.7 cm index F10.7 is
presented [retrieved from NOAA]. These indices during
the observation period are illustrated in Figure 2.

For solar-geomagnetic active period, where those in-
dices exceed the following limits, Dst<<-30 nT, K,>4
and F10.7>150 sfu [Zhu et al., 2010; Fuying et al,,
2011], it is hard to distinguish the seismo-ionospheric
anomaly from the space weather’s. Figure 2 shows that
solar and geomagnetic activities for 30 days prior to
earthquake was relatively quiet, because Dst was not
lower than =30 nT and F10.7 was lower than 150 sfu.
However, K, on 21% day and 19" day pre-earthquake
was peaked at 4.3, which indicates that minor geomag-
netic storms on those days.

OBSERVATION RESULTS

The earthquake was occurred at 21:32 LT on Jan 11,
2021 in Khuvsgul province of Mongolia. In the study,
we analyzed 30 days TEC derived from GPS observation
prior to the earthquake. Firstly, TEC data derived from
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Figure. 2. Disturbance of solar activity and geomagnetic activity from Dec 12 to Jan 11 (UTC): time series of Dst (a), K, (b),
F10.7 (¢)

B o5 ano)

dTECU, TEC

I pos_ano|
I rcs ano

I vos ano)

I pos_ano)

I pos_ano
B neg_ano

dTECU, TEC

Days to earthquake

Figure 3. TEC values observed for 30 days derived from eight stations in the earthquake preparation zone in which vertical
red line indicates earthquake time. Also, blue and pink columns show positive and negative anomaly respectively if the TEC
value crosses boundaries
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Figure 4. The same as in Figure 3 outside the earthquake preparation zone

eight GPS receivers located in the EPZ with distance of
110-610 km from epicenter were investigated. TEC
time series over stations lying in EPZ, and their upper
and lower boundaries are illustrated in Figure 3, in in-
creasing order of distance from epicenter. The anoma-
lies determined using statistical technique as moving
median and standard deviation is also included in the
graph. Positive and negative anomaly in TECU is em-
bodied by blue and pink color columns respectively.
The result shows multiple solid positive anomalies over
almost all stations, including 19-20", 12-13" and 23"
days prior to the earthquake. The most noticeable
anomaly observed throughout 19-20" day. TEC in-
creased in average of 4—6 TECU for all stations. Spe-
cially, for the nearest stations from epicenter (htgg and
huvl), it went up by 4.6 TECU and 5.33 TECU. An
increment of 1.4 TECU lasting more than three hours is
observed on 12—13" day for all stations except “drhn”,
where the value is measured as 3.5 TECU. Even though
variation is not detected in all stations, approximately
4 TECU deviation is detected in most stations around
2-3 days before earthquake.

Moreover, the same observation is done for eight
stations located outside of the EPZ in order to compare
results and distinguish the source of ambiguity (Figure 4).
The stations are located at the distance of 750—-1200 km
from earthquake epicenter. As shown in Figure 4, posi-
tive anomaly of 3—4 TECU is detected on 19-20" day as
same as stations in EPZ, whereas the value was 1-2
TECU unit lower. The result could be explained in re-
gards to distance from station to earthquake epicenter.
Because higher dTECU is observed in stations inside
EPZ than outside. The anomalous pattern of 12-13™ day
is also detected on four stations outside the EPZ. The
detected dTECU was lower than the previous results.
Thus, same explanation could be given. Inversely, for
stations outside the EPZ, TEC variation on 2-3" day is
observed greater than the stations inside EPZ.

Furthermore, to explain the anomalies, we compared
the result of analysis on geomagnetic and solar activity
during the observation period. The geomagnetic K|, in-
dex shows anomalous result on 19™ and 21% day prior
the earthquake, which coincidence with the TEC dis-
turbances. So, the overall TEC variation on 19-20™ day
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is most likely to be forged due to the geomagnetic dis-
turbances. However, solar-geomagnetic activity was
quiet during the 2-3" day and 12-13" day events, un-
like the 19-20" event.

CONCLUSIONS

The main objective of this study was to document
our observations and to acquire a better understanding
of the TEC disturbances in the ionosphere before earth-
quake. The observation results detected multiple solid
positive anomaly 30 days before the earthquake.
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