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The comparison of tiltmeter and strainmeter data in the periods of the strongest earthquakes with
tropical cyclone activities in the World Ocean during JanuaryeApril 2014 is made. Main features of the
observed co-seismic tilt and strain processes are consistent with the results obtained for the strongest
events during 1997e2004. The time-frequency data analysis and the comparison of the analysis results
with the anomalous geomagnetic and ionospheric activity come to an agreement with the observed
phenomena. The obtained results have allowed the triggering mechanism of seismicity to be proposed.
The process begins as spatial and temporal swings of the regions of tropical cyclone origins and the
basins of their activity. The powerful cyclone development accompanies a wide range of earthquake
precursory phenomena, including abnormal behavior of ultra-wideband (0.002 mHze3 Hz) Earth's os-
cillations, which can be recorded at far distances up to 1000e10,000 km. The daily dissipation energy of
the most powerful tropical cyclone (hurricane, typhoon) is estimated to have same order of magnitude as
the energy released by an event of Mw 7e9, as well, atmospheric depressions are big enough to trigger a
forthcoming strong earthquake. The triggering mechanism could be caused by quasi-static and time-
dependent surface loading that produces vertical tension and shear deformations. This loading affects
the seafloor and coastline where they fall close to the adjacent tectonic plate boundaries.
© 2020 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pre-seismic and co-seismic abnormal occurrences recorded in
upper lithosphere and hydrosphere layers as well as in atmosphere
and ionosphere are the accompanying phenomena with all the
strongest earthquakes and have ever been observed by geophysical
instruments [1e3]. These appearances usually forerun or overlap
v).
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the main shock in both preparatory and active phases of the
earthquake cycle, therefore they are frequently defined as earth-
quake precursors [3,4].

Themost common regularity of precursors are pre-seismic cave-
shape variations of any observed geophysical parameters or a group
of parameters, such as tilts and strains of earth surface, level of
underground waters, atmosphere pressure and its composition,
ionosphere electron concentration [5e8].

Another precursor can be the synchronization (correlation) of
earth oscillations and background microseismicity. Such phenom-
enon, together with seismic quiescence prior to strong earth-
quakes, have been observed by numerous authors during past
decades [3,6,9]. Analysis of tens ofMW7e8 events [9] has confirmed
that close synchronization of spectral components of high fre-
quency microseismicity (10e30 Hz) may precede strong earth-
quakes. The Earth's free oscillations (EFO) [10], especially their
background noise (0.3e7.5 mHz) range, which are continuously
tion and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
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excited even on seismically quiet days, are the research themes
[11e14]. These oscillations were supposed to be forced by convec-
tive and turbulent atmospheric disturbances [15].

The increases of oscillation intensity at low and ultra-low fre-
quency (ULF) band (0.05e0.5 mHz) have been found before a
number of MW7e8 earthquakes. ULF signals were registered on 18
April 1983 (Iran), 12 December 1992 (Indonesia), 11 May 1993
(Philippines), and 25 March 1998 (Balleni) by the spatially
distributed seismo-gravimeters [12] and laser strainmeters [16].

All these processes were observed during the periods of low
seismic activity, and the disturbances had been recorded before
strong earthquakes [12,16]. Nevertheless, the nature of the all found
phenomena was not enough understood until their interrelation
with high powerful tropical cyclones (hurricanes, typhoons) in the
World Ocean was assumed [17,18]. For example, the intensive
strain-baric 0.05e0.07 mHz perturbations, being recorded 2 days
before Balleny Islands MW8.1 earthquake on 25 March 1998 [16],
have been accounted for a row of severe tropical cyclones in South-
Western (SW) region of Pacific and Indian Oceans [18,19]. The re-
lationships between powerful typhoons in North-Western (NW)
Pacific and the other two strong events of the Northern Hemi-
sphere: Kronotskoe MW7.8 on 5 December 1997 and Hokkaido
MW8.3 on 25 September 2003 earthquakes were analyzed [3,19].
Preliminary results of comparison of the tropical cyclone activity in
Indian Oceanwith catastrophic SumatraMW9.1, 26 December 2004
earthquake were reported [20].

In present paper, we offer the results of comparison of the data
from geophysical instrument with tropical cyclones activities in the
World Ocean, which occurred in the periods of the strongest
earthquakes during 1997e2004. Time-frequency data analysis and
its comparison with anomalous geomagnetic and ionospheric ac-
tivities were carried out. The detail consideration of tiltmeter and
strainmeter data together with tropical cyclones (typhoons) limited
to the periods of the strongest earthquakes during JanuaryeApril
2014 is presented. General characteristics of the observed co-
seismic processes reiterate the conformity to the features ob-
tained before a few MW7e9 earthquakes.

2. Atmosphere-lithosphere interaction and ocean loading
effects

Some geophysical processes involving earth surface de-
formations (e.g. tilts or strains) are always exposed to atmospheric
changes. Tilt-baric and strain-baric coefficients, which characterize
tilt-to-pressure (and strain-to-pressure) ratio, can decrease by
about an order of magnitude when shallowmeasuring instruments
were installed in underground galleries or tunnels [21]. Neverthe-
less, atmospheric pressure perturbations display their marked in-
fluence up to a depth of 1000m [22,23]. In general, the atmospheric
permanent circulation (convection, turbulence, vortices) induces
observable tilt-baric and strain-baric disturbances of the Earth.
Considering that oceans occupy more than 70% of the total globe
surface, solar energy exchange processes above the World Ocean
originally cause this circulation. The exchange processes form the
distinguished part of atmosphere-ocean interactive energy, which
is released in tropical cyclones activity. Therefore, the effects of this
kind of ocean loading on the lithosphere as well as its coupling with
geodynamic processes should be taken into consideration, which
similarly accounts for the loading effects from the tides in oceans.

The direct solar irradiance at the top of the atmosphere is
defined with the solar constant of 1.361 kW m�2 [24]. About a half
of the solar energy actually reaches the Earth's surface. A certain
part of this energy is absorbed by World Ocean and spent on
heating and evaporation of ocean water, thus supporting the gen-
eration and development of a hurricane (typhoon). If an active zone
of powerful tropical cyclone is assumed to be an order of
1.25∙1012 m2 (active zone with a diameter about 1250 km corre-
sponds to a powerful typhoon) and only 20% of the solar energy is
transformed into a hurricane (typhoon) energy in the daytime, the
power is about 1.7∙1014 W. The daily energy outcome of this
rotating geophysical “engine” will be about 1.5∙1019 J, which is
equivalent to the energy released by a strong earthquake of
MW > 8.3.

The most usual processes that continuously force the Earth's
crust everywhere aremicroseisms. They occupy thewide frequency
range from 10�2 Hze102 Hz and have a natural origin as a rule. Such
micro-seismic surface waves are generated by motion of the sea-
floor associated with oceanwaves. Microseisms with the periods of
1e5 s are excited by ocean surf and wind, while microseisms with
the periods of more than 3e5 s are usually caused by large mete-
orological disturbances above oceans. Namely, the tropical cyclones
were considered to be the sources of EFO (Earth's free oscillations)
and ULF (Ultra-low frequency) oscillations even in a quiet period of
seismicity [3,19].

As a rule, microseisms with frequencies higher than 1 Hz are
excited by artificial sources and usually form the spatially distrib-
uted coherent seismic field. Abnormal evolutions of microseism
spectrum and especially sharp synchronizations of microseism
spectral components are frequently observed before strong earth-
quakes [9]. This phenomenon also should be accounted for by the
interaction of atmosphere-ocean system with lithosphere due to
tangible effects of this system loading on the lithosphere.

3. Instruments for tilt and strain measurements

Observation of ground tilts and strains enables one to estimate
the spatial and temporal inhomogeneity of horizontal deformations
of the Earth's crust. Note that the contribution of the Earth's elastic
deformation to the direct tiltmeter signals reaches 30% for lunar
and solar tides while this contribution to the gravimeter signals is
several times smaller [20,25]. The ground based strainmeters,
especially laser strainmeters, measure direct elastic deformations
of the Earth's surface.

Powerful atmosphere-ocean processes and their interrelation
with phases of the earthquake cycle can be revealed by direct ob-
servations of tilt and strain processes correlated with variating
performances of adjacent liquid and fluid geospheres in the solid
Earth. We have used the ground-based geophysical instruments
combined with satellite radio techniques to observe these
processes.

Two-component tiltmeter of NPe1M (Fig. 1) consists of sensor,
control electronics, and recording equipment. Sensor, namely a
vertical pendulumwith a length of 100mm, is mounted on the base
with three adjustable screws. The main constituent elements are
mounted in a case, which is protected by a sealed cap. The control
unit can be connected to the sensor by signal cable with a length of
1 km. Tiltmeter measures the relative slopes of earth surface in two
mutually perpendicular directions. Tiltmeter resolution is esti-
mated as 1 milliarcsecond (mas) in tidal channel and 0.1 mas in
seismic-accelerometer channel. Tiltmeter with horizontal
pendulum installation has been also used in our observations [26].
The highest resolution of this instrument is estimated as 0.1 mas in
tidal channel and 0.01 mas in seismic-accelerometer channel.

Selective results from tidal tilt observations in Pribram Obser-
vatory, which is situated in the Bohemian Massif, Czech Republic
[27], are presented in Fig. 2.

Regular diurnal and semidiurnal tidal waves with peak-to-peak
amplitude of about 20e30 mas are recorded during the quiet
period of 7e10 September 2014 in Pribram (Fig. 2a). Linear trends of
tilt signals vary between 3 and 8 mas per day and are shown as



Fig. 1. General view (a) and instrumental design (b) of two-component NPe1M tiltmeter sensor: 1 e base, 2 e three adjustable feet, 3 e case with the main constituent elements, 4
e protective sealed cap, and 5e100 mm vertical pendulum.

Fig. 2. EeW and NeS components of tidal tilts in Pribram Observatory at a depth of 90 m in old mine: a) records during the quiet period of 7e10 September 2014; b) pre-seismic
EeW and NeS disturbances from 29 March to 01 April 2014. The EeW disturbance intensities are much smaller than the NeS ones.
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straight lines in Fig. 2. Deviations of tilt signals from these linear
trends are less than 1e2 mas in the quiet period (Fig. 2a). Pre-
seismic ULF oscillations, mounting to 20e30% of amplitude of
semidiurnal tides, are clearly seen in the disturbed period (Fig. 2b).
The amplitudes of these non-tidal signals, which are denoted by
±dE and ±dN in Fig. 2b, are high enough to be measured without any
filtering or other acquisition method.

Measurements of earth surface deformations were carried out
by laser strainmeter installed at Fryazino testing site of Kotel'nikov
Institute of Radioengineering and Electronics in Moscow region
[21,23].We usedMichelson interferometer prototypewith a 100m-
long arm enclosed in a 1.5e2 m underground steel pipe, which is
filled with air and partially connected to the outer atmosphere. The
instrument installation and equipment (Fig. 3) are similar to those
of the 10 m airtight strainmeter, which was applied to investigate
strain-baric processes [21]. An interferometer with an underground
enclosure, being just partially air-tighten, gives an opportunity of
observing dynamical interactions between earth surface and at-
mosphere [28].

The absolute resolution of strainmeter with precise recording
system (Fig. 3b) was approved to be higher than 1 pm under 210 dB
dynamic range in 0.8e1.2 Hz frequency band [29]. The highest
relative strain resolution is DL/L ¼ 10�11 e10�12 in the frequency
range of 10�6e102 Hz. Typical value of thermal noise factor of about
10�8 K�1 is usually recorded for perfectly air-tighten in-
terferometers. These instruments at the depths of 15e30 m in



Fig. 3. General view (a) and block-diagram (b) of laser interferometer unit combined with precise recording system: 1 e interferometer, 2 e optical deflector, and 3 e control
electronics, PDG e photodiode grating [29].
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underground galleries [9,30] have characteristics which are com-
parable with the ones of uniquely evacuated terrestrial laser in-
struments [31e33] and those prototypes [34e37] installed
20 me1 km below the ground surface.

Results from tiltmeter at Pribram observatory (Czech Republic)
have been compared with strain-baric disturbances and seismic
strain oscillations recorded by the interferometer at Fryazino site
(Moscow region, Russia). In-phase and out-of-phase signal compo-
nents are usually present by tilta, strain L and atmosphericpressure P
synchronously [21,28]. In Fig. 4a, strain-baric signal (Lp) is expressed
asa linear functionof L and Pvariations: Lp¼ a∙dLþ b∙dP, therefore,
Lp describes the combined instrument responses to earth strain and
atmospheric pressure variations [28]. Seismic surface waves from
ChinaMS7.1 (MW6.9) earthquake,12 February2014 [38,39] are shown
by the fragment of strain-baric signal (Lp) in Fig. 4a. Coherent syn-
chronization of 1e3 Hz micro-seismic strains (dL) preceding the
Fig. 4. Synchronous recordings of tilt (a), strain-baric (Lp, P) and seismic strain (dL) variation
observatory building at the ground surface level (1), laser strainmeter (Fryazino) with 100 m
strains at Fryazino site, the recordings during ~1 min show no coherence (1), partial coher
strong earthquake is shown in Fig. 4b. The evolution ofmicro-seismic
strain coherency before the two strong Chile 2014 earthquakes is
considered in Section 5.

4. Analysis of the earthquake-tropical cyclone coupling

Comparing the global tracks of powerful tropical cyclone (hur-
ricane, typhoon) with the global distribution of earthquake epi-
centers, we can find a spatial correlation between earthquake and
powerful cyclone occurrence in some particular regions of the
World Ocean basins. A weak correlation in Northern Atlantics, a
moderate correlation in South-Western (SW) Pacific or Indian
Ocean and a high correlation in North-Western (NW) Pacific are
observed. Hurricane tracks are frequently close to the plate
boundaries in the Earth's crust. Due to the cold ocean flows in
South-Eastern Pacific region, hurricanes are absent, so there is not
s during 04:00e12:00 UTC on 12 February 2014. a) Tiltmeter (Pribram) installed in the
baseline (2), barometer in Pribram (3); b) coherency evolution of 1e3 Hz micro-seismic
ence (2) and high coherence (3).
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any spatial correlation between earthquake and powerful cyclone
occurrence in this basin.

The temporal correlation between tropical cyclones and earth-
quakes is more complicated and certain results were just a little
discussed [19,40,41].

Below, we give the most prominent examples of the Category
1e5 (SaffireSimpson hurricane wind scale) tropical cyclones
[42,43], which were accompanied by those strongest earthquakes
during 1997e2004. The considered cyclones and earthquakes are
presented in Table 1 and Table 2 respectively.
4.1. Kronotskoe MW7.8 earthquake (5 December 1997)

Kronotskoe MW7.8 earthquake was the strongest earthquake in
1997. It occurred near East Coast of Kamchatka on December 5,1997
[38]. The relationship between this interplate earthquake and su-
per typhoon PAKA (Category 5 SSHWS, peak intensity 185 km/h,
minimum pressure 920 mbar) [42,43] was considered [3]. The
“bursts” of EFO oscillations were revealed 10e50 h before the
earthquake according to the records from five broadband IRIS sta-
tions located 350e6800 km away from the epicenter.

However, there are two important notes here. (1) PAKA was
strengthened little by little as tropical storm (63 km/h), remained
until December 10, became a typhoon (wind speed > 118 km/h),
and reached his peak (185 km/h, super typhoon) only near
December 15 [43]. Therefore, this intensive atmosphere-ocean
Table 1
The most powerful tropical cyclones (typhoons, hurricanes) accompanied by the
strongest earthquakes of 1997e2004, which are presented in Table 2 [42,43].

Name Category Duration Basin

1997
JOAN 5 11e25 October NW Pacific
IVAN 5 13e25 October NW Pacific
KEITH 5 26 Octobere08 November NW Pacific
LINDA 1 31 Octobere09 November NW Pacific
PAKA 5 27 Novembere21 December NW Pacific

1998
ANACELLE 4 05e14 February Indian Ocean
VICTOR-CINDY 2 08e19 February Indian Ocean
ELSIE 2 08e18 March Indian Ocean
YALI 2 16e27 March Southern Pacific
NATHAN 1 18e31 March Australian region
ZUMAN 3 26 Marche6 April Southern Pacific

2001
ARB 01 3 21e28 May Indian Ocean
ADOLPH 4 25 Maye1 June NE Pacific
CHEBI 3 19e23 June NW Pacific
BARBARA e 20e26 June NE Pacific

2003
ETAU 3 02e09 August NW Pacific
KROVANH 2 13e26 August NW Pacific
DUJUAN 4 27 Auguste03 September NW Pacific
MAEMI 5 05e13 September NW Pacific
LINDA 1 13e17 September NE Pacific
CHOI-WAN 3 16e23 September NW Pacific
MARTY 2 18e24 September NE Pacific
KOPPU 2 23e30 September NW Pacific
NORA 2 01e09 October NE Pacific

2004
AROLA 1 06e18 November Indian Ocean
MUIFA 4 14e25 November NW Pacific
BENTO 5 19 Novembere04 December Indian Ocean
NANMADOL 4 29 Novembere04 December NW Pacific
AGNI 1 27 Novembere04 December Indian Ocean
TALAS e 09e20 December NW Pacific
NORU e 16e22 December NW Pacific
JUDY 1 21e27 December Southern Pacific
SHAMBO 3 22 Decembere03 January Indian Ocean
KERRY 3 05e14 January Southern Pacific
disturbance appeared after Kronotskoe earthquake. (2) On the
other hand, more powerful super typhoons: KEITH (peak intensity
205 km/h, pressure 910 mbar), IVAN (peak intensity 195 km/h,
pressure 905 mbar) and JOAN (peak intensity 195 km/h, pressure
905 mbar) were active in NW Pacific one and a half months ago. At
the same time, a strong MW7.5 intraplate earthquake occurred in
Tibet on November 08, 1997 [39]. This event was accompanied with
a rare cyclone transition from NW Pacific to North Indian Ocean
basin. The typhoon LINDA (31 October e 9 November, Category 1)
affected the southeastern tip of the Eurasian tectonic plate, hit the
Malay Peninsula on November 3, then emerged into the Bay of
Bengal, and was re-strengthened on November 4 [44].

4.2. Three strong earthquakes at the end of March 1998

The three strong earthquakes with different faulting mecha-
nisms occurred in a 7-day interval at the end of March 1998. The
epicenters of three earthquakes were located around Indo-
Australian plate border (Fig. 5): Balleny Islands, MW8.1, 25 March
1998; Tonga Islands,MW7.2, 29March 1998; and Southern Sumatra,
MW7.0, 1 April 1998 [38]. The MW8.1 earthquake on 25 March was
the strongest one near the Antarctic plate in 1998. The interaction
of all these earthquakes with tropical cyclones in South Pacific and
Indian Oceans has been explicitly analyzed [19].

It is necessary to pay attention to the important circumstance:
one and a half months prior to the above-mentioned events, there
was a Category 4 tropical cyclone ANACELLE (February 5e14) in SW
Indian Ocean [43]. The cyclone's activity region is located at the
conjunction of western edge of the Indo-Australian plate with
Antarctic and African plates (see Fig. 5). This cyclone was the
strongest one (peak intensity 205 km/h) during 1997e1998 South-
West Indian Ocean cyclone season.

Another Category 2 tropical cyclone VICTOR-CINDY was formed
in Australian region (Fig. 5) three days after ANACELLE starting. It
moved westward, was intensified during 12e13 February, and then
disappeared on February 19.

The next Category 2 storm e tropical cyclone ELSIE had been
developed during 8e18 March 1998 in central region of SW In-
dian Ocean and reached its peak intensity with maximum wind
velocities of 151e169 km/h. Further tropical activity has moved
off to the SW Pacific region. Three tropical cyclones (YALI, 16e27
March 1998; NATHAN, 18e31 March 1998; and the most
powerful ZUMAN, 26 March e 6 April 1998) had run in this basin.
Note that the YALI's remnants moved towards the southern end
of New Zealand and turned to the conjunction of Pacific, Indo-
Australian and Antarctic plates, where Balleny MW8.1 earth-
quake occurred.

The processes of interaction of tropical cyclones and earth-
quakes, which were shown here, happened in the following
sequence. After dissipations of tropical cyclones in Indian Ocean,
the origins of new storms were going on in SW Pacific basin (near
the eastern edge of the Indo-Australian plate, see Fig. 5) and strong
earthquakes accompanied this transition. Origin time and devel-
opment of tropical cyclone YALI were synchronized with the
beginning and intensifying of the strain-baric and gravity-baric
activity in Moscow region respectively, which had been observed
2 days before MW8.1 earthquake and recorded about 16,000 km
away from the epicenters [16,19].

4.3. The strongest earthquake during 1999e2002 and the most
powerful cyclones

The strongest earthquake during 1999e2002 occurred on June
23, 2001 (Peru,MW8.4) [39]. Two powerful cyclones, namely severe
cyclonic storm ARB 01 in Indian Ocean (Category 3, May 21e28)



Table 2
The major earthquakes (MS, MW ¼ 7e9) in 1997e2004 according to CEME catalogs [38] and NEIC/USGS [39]; the yearly strongest earthquakes are distinguished in bold.

Date yy-mm-dd Time (UTC)
hh:mm:ss

Latitude Longitude Magnitude (CEME)
(USGS)

Region

MS MW

1997-11-08 10:02:56 35.37� N 87.20� E 7.8 7.5 Tibet (Western Xizang)
1997-12-05 11:26:54 54.86� N 162.0� E 7.9 7.8 Near East Coast of Kamchatka
1998-03-25 03:12:25 62.80� S 149.4� E 7.9 8.1 Balleny Islands Region
1998-03-29 19:48:16 17.42� S 179.2� W 6.9 7.2 West of Tonga Islands
1998-04-01 17:56:22 0.50� S 99.30� E 7.0 7.0 Southern Sumatra
2001-06-23 20:33:13 16.31� S 73.70� W 8.3 8.4 Near coast of southern Peru
2003-09-25 19:50:07 41.90� N 143,9� E 8.3 8.3 Hokkaido, Japan region
2003-09-25 21:08:00 41.78� N 143.6� E 7.2 7.4 Hokkaido, Japan region
2003-09-27 11:33:26 50.03� N 87.78� E 7.3 7.3 Southwestern Siberia, Russia
2004-12-23 14:59:04 49.50� S 160.0� E 8.0 8,1 North of Macquarie Island
2004-12-26 00:58:53 3.32� N 95.85� E 8.8 9.1 West coast of northern Sumatra

Fig. 5. The movements of tectonic plates were excited by tropical cyclones and the
strongest earthquakes occurred during FebruaryeApril 1998: A1-2 e ANACELLE,
February 5e14; VeC e VICTOR-CINDY, February 8e19; E1-2 e ELSIE, March 8e18; Y1-5

e YALI, March 16e27; N1-2 e NATHAN, March 18e31; Z1-2 e ZUMAN, March 26 e April
6. Earthquakes: Balleny Islands, MW8.1, 25 March 1998; Tonga Islands, MW7.2,
29 March 1998; Southern Sumatra, MW7.0, 1 April 1998 (see Tables 1 and 2).
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and hurricane ADOLPH in NE Pacific (Category 4, May 25 e June 1),
opened the 2001 tropical cyclone season. The first cyclonic storm
was the strongest one in the 2001 North Indian Ocean cyclone
season. The consequent east-side and west-side excitations of Pa-
cific plate were made by the tropical storm BARBARA (June 20e26)
moving from Eastern to Central Pacific and typhoon CHEBI being
active in Philippines e Taiwan region during June 19e23. BARBARA
reached its peak (wind speed of 95 km/h) at noon on June 21, while
CHEBI reached its peak (wind speed of 160 km/h) at 24:00 UTC on
June 22 [44]. These processes appeared 2 days before the MW8.4
interplate earthquake, which occurred near the coast of southern
Peru at 20:33 UTC on June 23, 2001. The L1 and L2 (NeS and EeW
components) photoelectrical tiltmeters, which operated at Lazec
Observatory in South Bohemia, Czech Republic [27,45], recorded
pre-seismic ULF oscillations of non-tidal signals with ±dN and ±dE
amplitudes, amounting to 40e60% of semidiurnal tidal tilts during
18e22 June 2001 (Fig. 6).
4.4. Three strong earthquakes at the end of September 2003

The strongest interplate earthquake (MW8.3, 19:50 UTC) and the
second smaller shock (MW7.4, 21:08 UTC) occurred in Hokkaido
region on September 25, 2003; and the strongest of a series of
intraplate earthquakes in Central Russia (Altai) was a MW7.3
earthquake on September 27, 2003.

In AugusteSeptember 2003, the regions of cyclone activities
shifted alternately from eastern-northward to western-southward
and vice versa in NW Pacific, exciting the boundary between Pa-
cific and Eurasian tectonic plates. Typhoon ETAU (August 2e9,
Category 3) hit the Japanese Islands and caused rainfall, triggering
landslides, especially in Hokkaido [46]. The next three typhoons
(KROVANH, DUJUAN and MAEMI) appeared. KROVANH (13e26
August, Category 2) went through Northern Philippines into the
South China and Vietnam; DUJUAN (27 Auguste03 September,
Category 4) passed near the southern tip of Taiwan and the east of
Hong Kong; MAEMI (5e13 September, Category 5) ran northwest-
ward from western Pacific into the East China Sea where it turned
towards Japanese Islands. Near its peak intensity (195 km/h,
910 mbar), MAEMI traveled across Philippines-Eurasian plate
boundary, passed through South Korea and emerged into the Sea of
Japan.

Further weakening NW Pacific (NWP) typhoons (CHOI-WAN,
Category 2 and KOPPU, Category 1) were followed by the corre-
sponding North-Eastern Pacific (NEP) hurricanes: MAEMI (NWP)
/ LINDA (NEP, Category 1); CHOI-WAN (NWP) / MARTY (NEP,
Category 2); and KOPPU (NWP) / NORA (NEP, Category 2) be-
tween the end of September and the beginning of October.

The cyclonic activity decreased during 25e27 September 2003,
and gap in this activity was just filled by the strongest interplate
(Hokkaido, MW8.3) and intraplate (Altai, MW7.3) earthquakes
similar to the examples presented in Sections 4.1 and 4.2. A number
of unusual geophysical processes e pre-seismic and co-seismic
signals and anomalies were observed in adjacent geospheres. The
abnormal behavior of seismic strain oscillations (earth de-
formations in seismic frequency range) in Moscow region (about
3000 km and 7000 km away from the epicenters) was limited to the
period of 25e27 September [19]. Compared with its normal value a
few days before and after the earthquakes, i.e. on September 22 and
September 28, the ionospheric observations [28] from Tsukuba GPS
station (Japan) showed a considerable increase (by 2e3 times) in
the temporal variations of the total electron content (TEC) on
September 24, 2003. At last, the intensive EFO (Earth's free oscil-
lations) signals 9 days before Hokkaido MW8.3 earthquake, recor-
ded by IRIS net stations and mentioned by G.A. Sobolev [3], also
indicate their probable relationship with abnormal phenomena.

KROVANH (Category 2) and DUJUAN (Category 4) typhoons
mentioned above had excited the edges of the Eurasian tectonic
plate in regions of Southern China and Vietnam. These excited
disturbances are coupled with the intraplate Altai (27 September
2003) earthquakes and are very similar to the processes in the



Fig. 6. The non-tidal pre-seismic ULF signals recorded by the L1 and L2 photoelectrical tiltmeters at Lazec Observatory in South Bohemia, Czech Republic during 18e22 June 2001.
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beginning of November 1997, when typhoon LINDA affected the
southeastern tip of the Eurasian tectonic plate before intraplate
Tibet MW7.5 earthquake (see Section 4.1).

4.5. Sumatra MW9.1 and its predecessor e Macquarie MW8.1
earthquake in 2004

Sumatra MW9.1 on 26 December 2004 (00:58 UTC) earthquake
and the preceding Macquarie MW8.1 on 23 December 2004 (14:59
UTC) earthquake occurred in an interval of 3 days and attracted
widespread attention [3,8,47]. Despite the quite different faulting
mechanisms [48], two distinguished earthquakes occurred along
the boundaries of the Indo-Australian plate.

Recordings from the tiltmeter at Jezeri Observatory, Czech Re-
public [27] in this period were used for analysis. Tiltmeter was
installed in a gallery about 40 m underground. The observation site
is located at a junction of Neogene clastic and fractured zone.
Secular tilt trend is estimated to be about 2 arc-second/year in SW
direction. Preliminary results of the SumatraMW9.1 and Macquarie
MW8.1 earthquakes were presented in our previous publication
[20].

The tilt measurements from Jezeri Observatory in
NovembereDecember 2004 were used for analysis and numerical
processing. Peak-to-peak amplitudes of the semidiurnal tidal waves
varied in the range of 0.2e0.4 mas and slightly irregular drifts of
0.1e0.2 mas per day were observed. The unfiltered tiltmeter data in
December 2004 were linearized (Fig. 7a), and the linear tilt drift
was removed from original records. Considerable intensive distur-
bances (80e120% of tidal amplitude) are distinctly visible at the
regular background of diurnal and semidiurnal waves (Fig. 7a). Two
months of data with a 10-min sampling rate were divided into
fragments of 30-day duration. These fragments, each containing
4320 samples, were processed by computer program of time-
frequency analysis with an analysis window 25% width.

The result of this analysis for data fragments on December 2004
is presented in Fig. 7b. The semidiurnal tides are distinguished on
this diagram as the densely darkened spectral component at a
frequency of near 0.022 mHz. The less intensive component at a
frequency of near 0.012 mHz corresponds to the diurnal tides.
Maximum tidal amplitudes vary between 0.02 and 0.04 units (see
brightness column to the right of diagram) for diurnal and semi-
diurnal components. Especial disturbances with increasing fre-
quencies from 0.002 mHz to 0.006 mHz are clearly seen during
December 13e21, 2004 (inclined arrow in Fig. 7b). They mounted
near tidal amplitude (up to 0.03 units) wherein the maximum of
their amplitude appeared 5 days and 7 days before Macquarie
MW8.1 earthquake on 23 December 2004 and Sumatra MW9.1
earthquake on 26 December 2004 (vertical arrows in Fig. 7a and b)
respectively.

We carried out a comparison of these results with ionospheric
monitoring data obtained by radio-translucence method using
GPSeNAVSTAR navigation system in December 2004 [8]. Spatial
and temporal distributions of ionospheric disturbances obtained
from GPS observation in F2 layer were investigated in the areas
close to Sumatra MW9.1 earthquake epicenter (3.32� N, 95.85� E).
The nearest ground-based station NTUS (Nanyang Technological
University, Singapore) of the International GNSS Service network
operated in 2004 was located about 1000 km away from the
earthquake epicenter. Data from GPS receiver (AOA SNR-12 ACT,
#225) were used. The satellite orbit altitude of ~20,000 km enables
the trajectories of sub-ionospheric points on the terrain to be
brought up to 180 km near the earthquake epicenter.

Spatial and temporal evolution of maximum values of electron
concentration Nemax obtained from GPS slant TEC by conjugate
gradient method [49] in the F2 ionospheric layer is presented in
Fig. 7c. Satellite radio-signals from GPS observation and procedure
[49] were used to calculate the altitude profile of electron con-
centration, while the maximum values (Nemax) of electron con-
centration are shown in Fig. 7c. One normalized unit NU
corresponds to the conventional value of electron concentration: 1
NU ¼ 1∙106 el/cm3 in ionosphere. Data were derived from the daily
observations of satellite #7 between 04:00 and 07:30 UTC during



Fig. 7. Tiltmeter record at Jezeri Observatory during 1e30 December 2004 (a), time-frequency diagram during 4e26 December 2004 (b), and evolution of maximum values of
electron concentration Nemax obtained by gradient method [49] in the F2 ionospheric layer during 19e26 December 2004 wherein the horizontal arrows 1 and 2 indicate the
distinguished modifications of Nemax (c).
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December 19e26, 2004. The results of Nemax calculations are pre-
sented in Fig. 7c as a sequence of daily scans. The trajectories of sub-
ionospheric points for satellite #7 lie in range of �5�~þ8� latitude
and 95�e100� longitude. The nearest point to the epicenter of
SumatraMW9.1 earthquake has an approximate coordinates of [2.5�

N, 97.5� E].
The obtained temporal-spatial distribution of electron concen-

tration Nemax has two particular spots during 06:00e07:00 UTC
(98�e99� E) in December 21 and 04:00e05:00 UTC (~96� E) in
December 24, which are shown by two horizontal arrows in Fig. 7c.
The distinguished modifications of electron concentration by an
order of 0.1e0.2 NU are observed at these spots. Note that the first
spot (1) was observed 2 days before Macquarie MW8.1 earthquake
and the second spot (2) was observed 2 days before SumatraMW9.1
earthquake. We should also note the distortions of pulses shapes in
Nemax results, showing a particular property of the temporal-
spatial distribution of electron concentration in Fig. 7c. These dis-
tortions seem to be a source of obstacles in receiving radio-signals
from satellite. The most intensive distortions in Nemax results were
observed on December 22, namely 1 day before Macquarie MW8.1
earthquake and correspondingly 4 days before Sumatra MW9.1
earthquake. Daily regular distortions of pulse shapes around 05:30
UTC and at ~1� N (denoted by dashed lines in Fig. 7c) can probably
be explained by the trajectory of satellite sub-ionospheric points
over subduction zone, which stretches about 150 km to the South of
the Sumatra MW9.1 earthquake epicenter.

Seven tropical cyclones (including two typhoons) and two
tropical stormswere active in Indian Ocean and Pacific basin during
NovembereDecember 2004 (see Table 1) [42,43]. The most
powerful cyclones in this period were BENTO (Category 5, SW In-
dian Ocean) and two typhoons (MUIFA, Category 4, NW Pacific and
NANMADOL, Category 4, NW Pacific). Cyclone BENTO (19
November e 4 December 2004) was the strongest in 2004e2005
SW Indian Ocean cyclone season. BENTO ran to the West while
MUIFA (November 14e25) and NANMADOL (28 November e 4
December) ran to the East of epicenter, and all of them were active
about one month before Sumatra MW9.1 earthquake. The spatial
West e East and following East eWest shifts of activity regions are
inherent in all of the tropical cyclones, such as AGNI (Indian Ocean),
TALAS and NORU (NW Pacific), SHAMBO (Indian Ocean), JUDY and
KERRY (South Pacific).

It is noted that two interplate earthquakes (Macquarie MW8.1
and SumatraMW9.1) occurredwhen NORU (exciting Pacific tectonic
plate during 16e22 December) had dissipated and SHAMBO (being
active above Indo-Australian plate during 23e28 December) had
not yet reached its peak intensity. The similar performances were
reproduced in previous four examples (Sections 4.1e4.4). The
interesting is cyclone of the lowest intensity [50]. The cyclone JUDY
(Category 1) during 21e27 December accompanied the Macquarie
MW8.1 earthquake alone, and the cyclone track as well as its
development history seem to be sensitive to both the location and
the time of the earthquake occurrence.

5. Physical and mathematical modeling interaction between
tropical cyclone and earthquake

Previous analysis shows that the strongest earthquakes usually
follow after the distinctly anomalous disturbances on earth surface
as well as synchronous spatial and temporal perturbations in at-
mosphere and ionosphere. These perturbations have a spatial and
temporal microstructure and are often accompanied by certain
behaviors of tropical cyclones (hurricanes, typhoons). The
abnormal lithosphere processes (to which the earthquake pre-
cursors are usually attributed) are overlappedwith raising activities
of atmosphere, hydrosphere (including underground water and
World Ocean) and ionosphere. As a whole, it means there is a
probabilistic relationship between development of tropical cy-
clones and seismogenic processes in the Earth's crust.

There is a certain temporal relation between earthquakes and
tropical cyclones (hurricanes, typhoons), while their spatial corre-
lation does not exist in all regions of the World Ocean. The
epicenter of a strong accompanying earthquake can be far from
active zone of cyclone. Tracks of tropical cyclones are sensitive to
the fault distributions and subduction zones of the Earth's crust.
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Track lines often indicate the way to the regions of future earth-
quakes. The resulting hurricane (typhoon) in stage of tropical
disturbance sometimes leads to the spatial loops in hurricane track
or abrupt displacements of hurricane center at the moment of
earthquake occurrence [19]. This phase as a rule corresponds to the
dissipation of the preceding cyclone in western (eastern) ocean
basin and the origin of another cyclone in eastern (western) basin.
Strong earthquake occurs in the gaps betweenwestern and eastern
active regions of tropical cyclones. Similar processes may also
develop when active regions of tropical cyclones are shifting in
meridional direction from North to South or from South to North.
With the advent of wideband microseisms, the “bursts” of EFO
oscillations and ionospheric modifications happen. The fading
amplitudes (or synchronization) of spectral components of seismic-
acoustic precursors and ULF oscillations are observed by tiltmeter
and strainmeter.

We preliminarily affirmed the interaction properties of
atmosphere-ocean processes and strong earthquake. The detail
comparison of the tiltmeter and strainmeter observation results
with development of tropical cyclones in the World Ocean in the
period of strongest earthquakes (JanuaryeApril 2014) is presented
below.

A few strong earthquakes (MS, MW > 7.0, Table 3) occurred in
this period. Three of them (bold in Table 3) occurred at a time in-
terval of 2.5 months (January 01 e February 29 and March 22 e

April 04).
Two data sets for this period were analyzed and the results are

shown in Figs. 8 and 9. The first series in JanuaryeFebruary (Fig. 8a)
was recorded by the tiltmeter, which is installed in surface building
at Pribram Observatory. The second series in MarcheApril (Fig. 9a)
presents the data set from the deep tiltmeter in Pribram observa-
tional chamber, located in an old mine of 90 m underground and
connected with the surface by inclined gallery [27].

Two-month (JanuaryeFebruary) data set at a 10-min sampling
interval was divided into two 30-day fragments and analyzed with
the similar processing algorithm which was applied in Section 4.5.
Each data fragment contains 4320 samples, therefore, each result-
ing time-frequency diagram consists of 3300 vertical line spectra if
the analysis window size is 25% of the data fragment. This time
interval corresponds to a 23-day duration. The accelerating drift of
near 1.7 arc second/month and thewave of tilts with 1-week period
of anthropogenic background signal were filtered and not taken
into account in the analysis. The time-frequency analyses of these
two fragments (04e26 January and 04e26 February) are presented
in Fig. 8b. The analysis results were compared with anomalous
geomagnetic perturbations in Moscow region [51] and tropical
cyclone activity in Pacific and Indian Oceans [43,44], as shown in
Fig. 8c.

Unstable tiltmeter operation and tidal tilt distortions can be
seen at the beginning of the record in Fig. 8a. The unstable
Table 3
MS, MW � 7 earthquakes in JanuaryeApril 2014 according to CEME catalogs [38] and NE

Date Time [UTC]
hh:mm:ss

Latitude Longitude

12 February 09:19:47 36.00� N 82.61� E
10 March 05:18:12 40.79� N 124.95� W
1 April 23:46:44 19.45� S 70.75� W
3 April 02:43:10 20.63� S 70.90� W
11 April 07:07:20 6.47� S 154.96� E
12 April 20:14:38 11.22� S 162.09� E
13 April 12:36:18 11.35� S 161.85� E
18 April 14:27:24 17.44� N 100.94� W
19 April 13:27:58 6.72� S 154.94� E
operation in form of short pulse obstacles on January 8e12 is
correlated with the strengthening of the tropical cyclones in
Southern Hemisphere: BEJISA (1), IAN (2) and COLIN (3) (see Fig. 8
and Table 4). They are organized as WeE sequence of cyclones 1e2
and EeW sequence of cyclones 2e3 (Fig. 8) and form the spatial
swings of cyclone activity regions from Indian Ocean to Southern
Pacific and from Southern Pacific to Indian Ocean. The tropical
storms of unreached typhoon's intensity, namely LINGLING (NW
Pacific) and JUNE (Southern Pacific), added SWeNE (3e4) and NeS
components to the spatial swings respectively. Wideband distur-
bances of 0.07e0.13 mHz are clearly exhibited on the left time-
frequency diagram during 7e16 January (Fig. 8b). The sharp over-
flow signal during 19e20 January correlates with LINGLING (4),
DELIWE and JUNE storms, performing their synchronous dissipa-
tion in Indian and Pacific basins; the amplitude of ULF oscillations
of 0.07e0.13 mHz band dropped down to its minimum level after
these storms disappeared.

Calm weather has been going on for 9 days, and the following
intensification of cyclonic activity (DYLAN, KAJIKI, FOBANE and
other storms in Table 4 and Fig. 8) manifested as NeS (NW Pacifice
Southern Pacific) and EeW (Southern Pacific e Indian Ocean)
swings in the beginning of February. Finally, Category 1 tropical
cyclone GUITO (6) occurred in the middle of this month. The evo-
lution of tiltmeter ULF signals (see the right time-frequency dia-
gram in Fig. 8b) is distinguished by the appearance of the densely
darkened narrow-band spectral components in the middle of
February, which indicate the synchronization of ULF oscillations in
Pribram in this period. The intensive 0.08 mHz and 0.10 mHz os-
cillations began on February 10 and continued for a week. A series
of geomagnetic storms (biggest storm, index K ¼ 5) started on
February 8 and continued until the end of February in Moscow
Region [51]. The Xinjiang, ChinaMS7.1 (MW¼ 6.9 according to NEIC/
USGS web-catalog [39]) earthquake on 12 February 2014 was the
strongest one in the preceding three months (November
2013eFebruary 2014) (see Table 3 and Fig. 8).

Two precursors (tilt ULF oscillations and K ¼ 5 geomagnetic
storm) indicate the development of severe tropical storm FOBANE
in Indian Ocean. The particular track of this cyclone goes just along
the boundaries of African and Indo-Australian plates (Fig. 5), while
Australian plate is contiguous to Southern Xinjiang, China (Table 3),
where the MS7.1 (MW 6.9) intraplate earthquake occurred. Addi-
tionally, the spatial and temporal features of FOBANE's track seem
to be sensitive to both the plate boundary direction and the
occurrence time of the earthquake precursors [44].

In MarcheApril 2014, considerable seismic activity (MW � 7)
shifted eastward: a series of strong earthquakes occurred in this
period (Table 3). In total, eight interplate earthquakes occurred
around Pacific plate: California, Chile (2 events), Solomon Islands (4
events), and Guerrero (Mexico). Northern Chile MW8.2 earthquake
IC/USGS web-catalog [39].

Magnitude [CEME]
[USGS]

Region

MS MW

7.1 6.9 Southern Xinjiang, China
6.9 6.8 Near coast of Northern California
7.9 8.2 Near coast of Northern Chile
7.6 7.7 Near coast of Northern Chile
6.7 7.1 Solomon Islands
7.7 7.6 Solomon Islands
7.4 7.4 Solomon Islands
7.2 7.2 Guerrero, Mexico
7.4 7.5 Solomon Islands



Fig. 8. Unfiltered tilt records from surface tiltmeter in Pribram (a) and their time-frequency diagrams (b); the pre-seismic K ¼ 5 geomagnetic storms in Moscow Region (c). Tropical
cyclone activities in Pacific and Indian Oceans in JanuaryeFebruary 2014, intensive tropical cyclones: BEJISA - 1, IAN - 2, and COLIN - 3, storms: LINGLING - 4 and FOBANE - 5, cyclone
GUITO - 6, and typhoon FAXAI - 7 (see Table 4).

Fig. 9. The tidal tilt perturbations in a deep mine of Pribram (a) and time-frequency evolution of seismic strain oscillations in Fryazino site (b) together with tropical cyclone activity
in Southern Pacific: LUSI - 5, ITA - 8 and in Indian Ocean: GILLIAN - 6, HELLEN - 7.
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Table 4
Tropical cyclones, typhoons and storms in JanuaryeApril, 2014 [43,50].

Name Category Duration Basin

BEJISA 3 01e05 January Indian Ocean
IAN 4 05e13 January Southern Pacific
COLIN 4 09e15 January Indian Ocean
LINGLING e 10e20 January NW Pacific
DELIWE e 16e18 January Indian Ocean
JUNE e 17e19 January Southern Pacific
DYLAN e 29e31 January Southern Pacific
KAJIKI e 29 Januarye01 February NW Pacific
EDNA e 04e05 February Southern Pacific
EDILSON e 05e07 February Indian Ocean
FOBANE e 06e14 February Indian Ocean
GUITO 1 17e22 February Indian Ocean
FAXAI 1 27 Februarye03 March NW Pacific
KOFI e 01e03 March Southern Pacific
LUSI 1 07e14 March Southern Pacific
GILLIAN 5 06e25 March Indian Ocean
HELLEN 4 26 Marche05 April Indian Ocean
ITA 4 01e14 April Southern Pacific
JACK 2 15e22 April Indian Ocean
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[39] (MS ¼ 7.9 according to CEME estimations [38]) on the 1 April
2014 was the strongest one in 2014.

At the end of March 2014, tilt observations in Pribram continued
in an old mine at a depth of 90 m (see Section 3). The comparison of
observation results from Pribram tiltmeter during 22 March e 04
April with micro-seismic strains in Fryazino together with tropical
cyclone performances in Southern Hemisphere is presented in Fig. 9.

Irregular and disturbed trend of about 1.4mas/daywas observed
by tiltmeter (Fig. 9a). Peak-to-peak amplitudes of the semidiurnal
tidal waves, being less than 2 mas in their minimum on 24 March
(Last Quarter Moon), reached maximumvalue of near 10 mas on 30
March (New Moon). Two and four days later, the two strongest (01
April 2014, MW8.2 and 03 April 2014, MW7.7, see Table 3) earth-
quakes occurred near the coast of Northern Chile, respectively. Pre-
seismic tilt disturbances in form of intensive ULF oscillations,
mounting up to 1e2 tidal amplitude with frequencies lower than
0.006 mHz, had been observed during 23e27 March in Pribram
(see the beginning of diagram in Fig. 9a).

The time-frequency analysis results with high temporal reso-
lution for micro-seismic strains recorded at Fryazino site on 23
March, 27 March, 2 April and 4 April 2014 (Fig. 9b) are shown in
form of 4 couples of time-frequency diagrams in frequency bands of
0.12e0.53 Hz and 0.85e3.62 Hz.

“Burst” and moderate synchronizations of 0.15e0.2 Hz micro-
seisms (two lower diagrams in the left of Fig. 9b) were observed
during 23e27 March 2014. This performance corresponds to the
intensive pre-seismic tilt ULF oscillations in Pribram (see Fig. 9a).
This process was followed by high coherent synchronization of
1e3 Hzmicro-seismic strains, namely, sharp contraction of spectral
components shown on the upper 2nd and 3rd time-frequency di-
agrams (Fig. 9b). “Burst” and synchronization processes were
finished on 04 April 2014 after the MW8.2 and MW7.7 earthquakes.

In comparison with tropical cyclone activity in
JanuaryeFebruary 2014, the tropical cyclone activity during
MarcheApril 2014 had a considerable growth in Indian Ocean and
Southern Pacific (see Table 4). Cyclone activity (tropical storm
FOBANE and cyclone GUITO) was shifting from boundaries of Af-
rican and Indo-Australian plates to Pacific plate. Typhoon FAXAI,
tropical storm KOFI and cyclone LUSI were developed in NW Pacific
and Southern Pacific from 27 February to 14 March. The most
powerful tropical cyclone GILLIAN (Category 5) during 23e24
March 2014 reached its peak intensity above the West Australian
Basin. Intensive tilt ULF oscillations in Pribram and “burst” of
0.15e0.2 Hz microseisms in Fryazino were observed in those days.
Activity regions of the next two intensive cyclones HELLEN and
ITA (both, Category 4) continued the WeE swings in wide spatial
range: the powerful atmosphereeocean disturbances from SW
Indian Ocean (Mozambique Channel) to SW Pacific (Solomon Sea).
This process called force an exciting of the African, Indo-Australian
and Pacific tectonic plates, which looks like the rolling and pitching
of a boat. The preceding Southern Pacific cyclones (KOFI and LUSI)
transmitted a “baton” to Indian Ocean cyclones (GILLIAN and
HELLEN), which in turn giveway to SW Pacific cyclone ITA (the later
four of these cyclones shown by the badges 5e8 at the bottom in
Fig. 9).

It is necessary to mark the particular track of tropical cyclone
HELLEN accompanied by the Chile MW8.2 earthquake. Southeast-
ward motion of this cyclone (from African continent to
Madagascar) rapidly changed to the southwestward at 06:00 UTC
on April 1 when it was contiguous to the island [44]. Being about
12,000 km apart from the epicenter, the distinguished
atmosphereeocean interaction with the Earth's surface happened
18 h before the MW8.2 earthquake.

The occurrence times of Chile MW8.2 and MW7.7 earthquakes
were just fallen into the period between Indian Ocean cyclone
dissipation and SW Pacific cyclone arising, which was mentioned in
the previous cases (Fig. 8 and Section 4). So, we assume SW Indian
Ocean cyclone GUITO (17e22 February) and NW Pacific typhoon
FAXAI (27 February e 03 March) to be the driving source of the
Chile MW8.2 (1 April 2014) and Solomon Islands MW7.6 (12 April
2014, Table 3) earthquakes.

Unfortunately, we had not obtained continuous tilt records in
April due to unstable instrument operation. Nevertheless, we
should note that ITA (Southern Pacific) and JACK (Indian Ocean)
were the last intensive cyclones, which closed the 2013e2014
Southern Pacific and Indian Ocean cyclone seasons and accompa-
nied the series of four interplate MW > 7 Solomon Islands earth-
quakes (see Tables 3 and 4). It is worth noting that intricate
trajectory of cyclone ITA motions has its origin in Solomon Sea [44],
being less than 200 km away from the epicenter of the 12 April
MW7.6 earthquake. This event is the strongest one among the
mentioned 9-day series of earthquakes within the close region near
Pacific e Australian plate boundary (Table 3, Fig. 5).

As a result, both examples of cycloneeearthquake interaction
(Figs. 8 and 9) are consistent with the performances of all previ-
ously analyzed events (Section 4). The phenomenon obeys the
following rule. The process of interaction began 1e2 months before
an earthquake. The WeE and EeW, or SeN, SWeNE and other
spatial and temporal swings of tropical cyclone occurred in form of
spatial changing the regions of tropical cyclones origins as well as
the ocean basins of their activity. The further strengthening of cy-
clones accompanied a wide range of precursory phenomena that
can be recorded at a distance of up to 103e104 km. The term of
cyclone dissipation and its activity transferring to another oceanic
basin implies the expected occurrence time of strong earthquake
with a maximum probability. In particular, an earthquake does not
occur at a moment of peak intensity of hurricane or typhoon but
only in its arising or decreasing stage. The observed temporal
retardation and outstripping could be accounted for by integral and
differential relationships between time-dependent physical pro-
cesses, which describe the observed phenomena.

The mathematical analysis of the recorded processes will detect
a physical pattern of tropical cyclone and earthquake interaction. In
order to determine the probable influence of tropical cyclones
(hurricanes, typhoons) on occurrence time of earthquake, three
main mechanisms should be considered.

Firstly, the quasi-static surface loadings initiate the normal up
and down deformations due to significant atmospheric depressions
(Dp�100e200 mbar) in the active zones of strong hurricane or
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super typhoon. The strain-baric coefficient was
2∙10�8e2∙10�9 mbar�1 at the depth of 2e15m under earth surface
[21]. With the increase of depth, the strain-baric coefficient was
reported to be 5∙10�10 mbar�1 in a 1 km deep tunnel [22]. There-
fore, strong cyclone can generate a volumetric strain DV/V of an
order of ~10�8, which is about the level of tidal strain or the time-
dependent tectonic deformation in the tidal frequency band at
seismogenic depths. This forthright spheroidal loading on the
seafloor is significant enough to trigger an earthquake, namely, the
dipeslip event may start up.

The swings of cyclone activity regions between the adjacent
plates of the Earth's crust can reinforce the influence of surface
loading. The deep atmospheric depression that moves close to the
plate boundary can generate the uplifting forces acting on the plate
at near border region. This can produce diverse types of bend de-
formations of the plate tissue giving rise a local stress in lower
seismogenic zones of the crust. Meanwhile, stress transfer through
the rigid plate body from one side to the other may occur and thus
leads to plate subsidence at the border of the other side. So,
occurrence of intraplate earthquake is possible.

Secondly, the impact of tropical cyclone consists in its high
angular momentum owing to rapid vortex rotation of cyclone
system. Conservation of angular momentum of the atmospher-
eeoceanelithosphere system may cause considerable growth of
interactive torque, which transfers from the tropical cyclone to the
earth surface, acts on a coastline and is released through
atmosphereeland friction. This happened on April 1, 2014 when
the cyclone HELLEN stroke Madagascar. Time-dependent shear
strains generated by hurricanes (typhoons) would perform the
toroidal loadings that may trigger interplate earthquakes charac-
terized by a strike-slip faulting mechanism.

Finally, storm microseisms, which are the classic manifestation
of tropical cyclone, have surely to be taken into account. Hurricanes
(typhoons) generate intensive oceanwaves, which induce alternate
groundmotions on the seafloor. Broadband strain oscillations at far
distances penetrate into wide depths in lithosphere and arrive in
earthquake preparation zone certainly. Oscillating earth strains,
which reduce friction and stimulate rock destruction, could be an
appropriate factor of triggering earthquake. This justifies frequent
appearances of microseisms before strong earthquakes [3,9].

We do not intend to make an exhaustive study and thorough
explanation of the above phenomena. Only probabilistic viewof the
problem was outlined. The detail correlation of temporal charac-
teristics, including their delay and advance as well as more rigorous
interrelationships, need further investigations. Endogenic and
exogenic factors, including the variations of ionosphere and solar
activity, should be taken into account. An integration of precise
ground-based instruments with satellite remote sensing systems
could be a proper way to solve this problem.
6. Conclusions

The comparison of wideband earth deformations (tilts and
strains) data with tropical cyclone activity in the World Ocean in
the periods of the strong earthquakes (MW ¼ 7e8) during February
and April 2014 approved the correlation of these powerful natural
processes. Main features of the newly investigated processes are
consistent with the detail analysis of 2004 Sumatra MW9.1, 2003
Hokkaido MW8.3 and other strongest earthquakes in 1997e2004.

The daily dissipation energy released by the most powerful
tropical cyclone (hurricane, typhoon) is estimated to have same
order of magnitude as the energy released by the strongest
earthquake (MW ¼ 7e9). This dissipation energy is big enough to
trigger an earthquake. The powerful cyclone development, on the
other hand, accompanies a wide range of earthquake precursory
phenomena that can be recorded at far distances of up to
103e104 km.

Precise tiltmeter and laser strainmeter, which observe the hor-
izontal components of earth surface deformations, are the proper
instruments for study the above mentioned processes. The time-
frequency data analysis reveals a behavior of ultra-wideband
(0.002 mHze3 Hz) oscillations associated with tropical cyclone
performances. The comparison of the obtained data with anoma-
lous geomagnetic and ionospheric variations comes to an agree-
ment with the observed phenomena. The studied processes look
like the excited and powerful disturbances travelling through
adjacent geospheres: earth crust e hydrosphere e atmosphere e

ionosphere.
The obtained results have allowed the triggering mechanism of

an earthquake to be proposed. The process usually begins with the
spatial and temporal swings between the regions of origin of
tropical cyclones and their activity basins. An intense forcing of
lithosphere plates occurs due to significant atmospheric de-
pressions, strong vortex mechanical perturbations and alternating
micro-seismic strains. Quasi-static and time-dependent surface
loadings produce normal and shear deformations, which initiate
the combined spheroidal and toroidal exciting along the coastline
and in the seafloor close to the boundary of adjacent tectonic plates.
The process of triggering an earthquake may arise. It is an inter-
esting physical phenomenon that an earthquake does not occur at
the moment of peak intensity of hurricane (typhoon) but only in its
arising or decreasing stage, which is an inherent feature of slow
developing processes.

Subsequent investigation and quantitative process modelling
should be fulfilled. It is very useful for developing a methodology
for early warning of seismic hazard and other natural disasters.
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