






















































SEISMOELECTROMAGNETIC

RESEARCH…

LITHOSPHERE

• DC Electric Field variations

• ULF, VLF emissions

• ULF polarization

IONOSPHERE

• VLF reflecting signal variations

• VLF Terminator times changes

• VLF activity increase

• Plasma variations

MAGNETOSPHERE

A new approach…



Radiation Belts 

electron precipitation  

in the upper ionosphere…

…observed by DEMETER
before strong Earthquakes 

(EQs)

this study presents…



Average e- distribution

(SPENVIS)

semi-orbit e- measurements

Normal

IDP / DEMETER IDP / DEMETER

semi-orbit e  measurements

EQ - induced Bursts

(example from 

e- Burst selection 

by an automatic algorithm)

72 – 526 KeV

526 – 971  KeV

971–2350

KeV



Japan 1420E, 380N

August 16, 2005

(August 9,2007) 7 days before EQ

VLF

Conjugated

Notice: VLF activity is correlated with electron bursts above the Epicenter

VLF activity near Epicenter is higher than at Conjugated point

EQ related electron bursts



2005/08/08

electron bursts above Epicenter 

and at the Conjugate point

8 days (August 8, 2007) before EQ

Japan August 16, 2005 EQ

1420E, 380N

Epicenter
Conjugate

more detailed electron data…
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0 … 360
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Near EQ

All over the Globe

The Global Electron Burst Distribution  follows the Local EQ Pattern
(X2 :  the curves identical at a significant level 2.5%)

Minimun on day 

of EQ

Temporal  e  precipitation evolution (before Japan August 16, 2005 EQ)



We put EQ Longitude = 0

above Epicenter 

on day of EQ

NO e-

Japan August 16, 2005 EQ

1420E, 380N

Temporal – Spatial  e  burst Distribution



No Date of EQ Time 

(UTC)

Lat

(deg.)

Long.

(deg.)

M

Depth       

(km)

Event

Duration

(days)

Quiet  

around EQ 

(hours)

1 2005/08/16 02:46:28 38.28  N 142.04  E 7.2 36 15 - 8.5/3.5

2 2005/11/14 21:38:51 38.11  N 144.90  E 7.0 11 4 - 1.75/3

3 2006/11/15 11:14:13 46.59  N 153.27  E 8.3 10 7-8 - 1.25/0.5

4 2007/01/13 04:23:21 46.24  N 154.52  E 8.1 10 6 - 1/0.2

5 2007/03/25 00:41:57 37.34  N 136.59  E 6.7 8 12(4?) - 2/ 0.6

6 2007/07/16 01:13:22 37.53  N 138.45  E 6.6 12 5-6 - 0.4/0.8

7 2008/05/07 16:45:18 36.16  N 141.53  E 6.9 27 12(17?) - 3 /0.2 













Statistical Selection Criteria:

1) Japan (1350E – 1550E, 360-470N),  2) August 2004 – June 2008,  3)  M > 6.6

4) EQs serarated by > 1 days,  5) Energetic electron data available the day of EQ

All EQs follow the same temporal pattern
107.04 … 177.04
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…a similar pattern has been found for other physical parameters

as for instance 

B Field polarization

Hayakawa (1996)

Anagnostopoulos et al., 2010



Electron cyclotron interaction

Mirror 

point

e- precipitate to low 

altitudes
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SUMMARY OF OBSERVATIONS

Temporal Variations 

#1 Electron Precipitation (EP) Increase 

followed by Decrease 

for ~2 weeks / # days before EQ (+/- 350 ): 

large time scale signal

#2 (EP) ceases few hours before EQ: 

short time scale Signal 

#3 Global EP is controlled by strong EQ processes



Thank all of you for your attention…

…and Dimitar for presentation…

Any questions?

Send an email to 

Pr Fr George Anagnostopoulos

ganagno@ee.duth.gr



INDIAN NATIONAL PRECUSOR 

PROGRAM: RATIONALE, CURRENT 

STATUS AND FUTURE PERSPECTIVE

By

Brijesh K Bansal

Advisor and Head (Geoscience Division)

Ministry of Earth Sciences

Govt. of India

New Delhi, India



SEISMIC VULNERABILITY OF INDIA

INDIA SUPPORTS 1/6 

OF WORLD 

POPULATION

2/3 AREA IS PRONE TO 

EARTHQUAKES



4 seismic zones  

based on

• Seismotectonics

• Frequency of EQs 

• Intensity experienced

Zone Area(%)

V 12

IV 18

III 27

II 43







Fig - 4

Assam 1950

M=8.7;1526

Kangra 1905

M=8.6;19500

Bihar-Nepal 1934

M=8.4;10 700

Shillong 1897

M=8.7;1542

SCENARIO: If Kangra Earthquake were to repeat today

NOON TIME: 90 000 people may be killed

MORNING TIME:177000 people may be killed

MIDNIGHT:       344000 people may be killed

Seismic India is highly Earthquake Prone & Vulnerable 

Great

Earthquakes



Major tectonic features in India

Kutch rift
Narmada rift

Earthquakes in the 

subcontinent are 

generally associated with:

• The Himalayan faults

• Rift systems such as the 

Narmada (Precambrian) 

and the Kutch (Mesozoic)

• As well as the unrifted  

crust (Killari)



Network of Broadband Stations 

in India

BBS for 

Indian TWS

BBS 







sites showing direction of Indian plate motion with velocity vectors



Deformation rates in NW Himalaya and Ladakh shows ~ 3mm/yr slip along 

Karakoram fault modeled from observed surface deformation of 1.4 to 2.5 mm/yr. Arc 

Normal convergence of 12 -15mm/yr across the western Himalaya, East –West 

extension rate of 14 -16mm/yr between Ladakh Himalaya and S. Tibet 



Regional deformation in NE India showing 15-20 mm/yr of convergence 

is being accommodated in the NE Himalayan wedge. Approximately 1.5 

to 3.5 mm/yr (~10-20 %) of the present-day convergence in the NE 

Himalayan wedge is being accommodated in the Shillong Plateau



~20 mm/ year

Estimated slip potential along the Himalayan Arc



Earthquake Prediction

No Scientific Technique Available, 
the World over, to Predict 
Earthquake

 Space
 Time
 Size



EARTHQUAKE PRECURSORY STUDIES

Geochemical

Electromagnetic

Thermal

Water level changes

Seismicity and Nucleation Process



Radon anomaly observed at Palampur station prior to 

1991 Uttarkashi earthquake.

6
.1



Helium Anomaly observed at Palampur 

during 1999 Chamoli earthquake



Radon Anomaly observed at Palampur 

during 1999 Chamoli Earthquake



Studies related to Electro-magnetic Emissions were initiated at :

RBS college, Agra about 10 years back  

Similar facilities at 

Koyna-Warna region &

Kolhapur (Shivaji University) 

 Barkhatullah University, Bhopal

Observation in VLF and ULF range



ULF PRECURSORS IN DIFFERENT LARGE 

EARTHQUAKES

Location of 

the

Earthquake

s

Date Ms Observed Precursors 

before

the main shock

Depth

Km

Distance 

from

epicenters

Km

References

I II

Spitake

Arminia

Loma Prita

California

Guam

Japan

Muzaffaraba

d

Pakistan

07.12.88

18.10.89

08.08.93

08.10.05

6.9

7.1

7.1

7.7

3-5 days

12 days

10-15 

days

12 days

4 h

3 h

3 days

5 days

6

15

60

10

140

7

65

908

Fraser-Smith et 

al.,1990

Kopytenko et al., 

1990

Hayakawa et al., 

1993

---



ULF amplitude anomaly observed in the Z-component of the signal prior
to the earthquake at Muzaffarabad (Pakistan) on 8.10.05



SATELLITE EARTH STATION AT DEPARTMENT OF 

EARTH SCIENCES, IIT, ROORKEE  to 

Monitor  Thermal anomaly –as a precursor



•Time series of thermal 

NOAA-AVHR data of 

Gujarat before and after the 

earthquake of 26 January, 

2001.

•Rise in temperature of 

about 7-10ºc three days 

before the earthquake 

•Temperature became 

normal again after the 

earthquake



Water level monitoring 

• Experimental facilities  at  Koyna, 
Delhi and in Himalayas



 

Seismic activity of the Koyna

region during August 2005 to 

March 2009. Also depicts the 

locations of V-SAT network, stand 

alone mode stations and major 

lineaments in the region.

An example of nucleation pattern 

for the forecast event of 21st May 

2006





Predicted change in various

physical parameters as a function

of time through the earthquake

cycle based on the dilatancy-

diffusion model.

after Scholz et al., 1973

Dilatancy-Diffusion (DD) model

Search for Multi-parameter 

Precursory Signals



The site of MPGO Ghuttu

Multi-Parameteric Approach to Isolate Earthquake 

Precursors: A Fresh Optimism



Ground
water

Radon
Monitoring

GPS
& 

Strain meter

Super 
conductive

Gravimeter

MULTI-PARAMETERIC GEOPHYSICAL OBSERVATORY

Resistivity
Measurements

BBS 
& 

Accelerograph

aims at generating

high quality geophysical data 

base for

Earthquake Precursory  

Research

Guttu

GHUTTU, UTTARAKHAND

Magnetic
Observations

EM emission
In 

ULF Band











Monthly plots of daily variation in Radon Emission in Air during 2008, showing

four different patterns related to Temperature and Rain-fall inequalities





Continuous (a) Gravity Variations recorded by Superconducting Gravimeter

(b) Atmospheric Pressure and (c) Residual Gravity obtained after

removing Tidal and Pressure effects.



Plots of Rsidual Gravity, Water Table Level and Rain fall  



Dependence of Gravity Field on Day-to-day variability of water level and 

rainfall 



Clusrerred Patterns of Seismicity in Uttarakhand  

Forecast

EQ=6.50.5, Till 2011

29.3-30.5 oN; 81.2-81.9oE

Singh et al. PAGEOPH, 2010



NATIONAL PROGRAM ON 

EARTHQUAKE PRECURSORS 

(NPEP)



• Generation of long-term, comprehensive multi-parametric

geophysical observations in seismically active areas, where

probability of occurrence of earthquakes of M>6 is perceived

high and/ or some precursory observations (such as swarms

followed by quiescence) have been observed.

• Comprehensive analysis and interpretation of these multi-

parametric geophysical observations on a real-time basis at a

Central Receiving Station, with multi-agency participation.

• Establish possible relationship between various earthquake

precursory phenomenon and the earthquake generation

processes.

Objectives:



Major Activities:

• Monitoring of Geochemical precursors including He, Ra, CO2, CH4 

and water level changes etc. in A&N region, NW & NE Himalaya and 

Delhi

• Electromagnetic and lonospheric precursory studies in Koyna, and 

Agra.

• Studies related to Crustal deformation using GPS in Uttaranchal and 

NE Himalayan region

• Remote sensing-based thermal precursory studies.

• Measurement of strain levels in selected locations.

• Collation and Analysis of Seismological and collateral geophysical data

• SODAR (Sound Detection and Ranging) related studies along the entire 

Himalayan range.

• Setting up of CRS and facilities for online receipt of data from all  

observatories.



Installed
Being Installed

Proposed
CRS

Multi-Parametric Geophysical 

Observatories



Specific experiment in Koyna 

region, Western India

Koyna



• World famous site of reservoir triggered earthquakes.

• Largest triggered earthquake globally occurred Dec. 10, 

1967 M 6.3

• Over the last 45 years 20 M 5, 200 M 4 and thousands 

small earthquakes.

• Latest M 5.1 on Dec. 12, 2009.

• Detailed work on precursors led to accurate short time 

forecasts based on nucleation.



INTERNATIONAL CONTINENTAL 

DRILLING PROGRAM (ICDP)

Koyna: Ideal site for putting a deep (~7 km) 

borehole to monitor physical properties of rocks.  

What happens before, during and after an 

earthquake.

Ideal site as the borehole will penetrate focal 

zone.



Expected to help in 

Testing the hypothesis of triggered earthquakes and 

resolve a few other issues like 

• Thickness of Deccan Basalt,

• Nature of Faults in the vicinity, 

• Variation of Stress, Pore Pressure and Fluid     

Chemistry,

• Plume related magmatic history,

• Paleo-environment of inter-trappean period and 

• complete evolution of the Deccan Basalt, etc.

Positive initial response from ICDP on India’s 

proposal.



Thank You





EMSEV Orange. October 6, 2010

The Ionospheric Plasma Turbulence as a 

Precursor of the Earthquake? 

Discussion of the results of the DEMETER 

satellite.

J. Błęcki (1,3), M. Parrot (2),R. Wronowski (1), M.Kościesza (1)

1) Space Research Centre PAS, Warsaw, Poland

2) LPCE/CNRS, Orleans, France 

3) Collegium Varsoviense, Warsaw Poland

1



OUTLINE

• METHODOLOGY

• RESULTS: L’ AQUILA, HAITI, SICHUAN, CHILE.

• CONCLUSIONS

EMSEV Orange. October 6, 2010 2
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Orbit: polar and circular

Altitude: 650km 

ELF/VLF range for the electric 

field is from DC up to 20 kHz.

Ion density:

5 102 - 5 106 /cm3

Ion temperature:

1000 K - 5000 K

Electron density:

102 - 5 106 cm-3

Electron temperature:

500 K - 3000 K

Energetic electrons

30 keV - 10 MeV

Ion composition H+, 

He+, O+, NO+

There are two modes: a survey 

mode where spectra of one 

electric and magnetic 

component are onboard 

computed up to 20 kHz and a 

burst mode where waveforms of 

electric and magnetic field are 

recorded up to 20 kHz.

DEMETER



METHODOLOGY

The Fourier spectrum –for identification of disturbed areas

The complex Morlet wavelet- to study time evolution with high 
resolution

The bispectral analysis allows us to find the wave modes nonlinearly 
interacting by 3 waves processes. 

The resonance conditions for these processes are:
• ω1+ω2 = ω3

• k1+k2 =k3

A quantitive measure of the phase coherency may be made by 
computing of the bicoherence spectrum which is defined in terms 
of the bispectrum as

Where P(k),P(l) and P(k+l) are auto power spectra,  

EMSEV Orange. October 6, 2010 4
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L’Aquila Earthquake 2009-04-06 at 

01:32:41.4 UTC

Magnitude Mw 6.3

Location:42.38 N ; 13.32 E

Depth: 2 km
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Geomagnetic conditions prior to the L’Aquila earthquake
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March 29-8 days to the earthquake   Kp index 20090329     1 1-1 1-1-1+1-1  Σ 7 
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5 days  to the earthquake 2009 04 01 Kp1 0 0+1 1-1-1+2 Σ 7 
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2 days to the earthquake 2009 04 04 Kp 0 0 0 0+0+0+0+0+ Σ 2-

night
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-1 day 2009 04 05 Kp 1+2-2-1 1-1+1-0+  Σ 9-



EMSEV Orange. October 6, 2010 11

-1 day 2009 04 05 Kp 1+2-2-1 1-1+1-0+  Σ 9-



WENCHUAN EARTHQUAKE
MAGNITUDE MW 7.8
TIME: 12.05.2008 6:27:59UTC
LOCATION: 31.12 N ; 103.24E
DEPTH: 10 KM

EMSEV Orange. October 6, 2010 12
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EQ

Geomagnetic conditions prior to Wenchuan earthquake



EMSEV Orange. October 6, 2010

-6 days

14
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Ouzunov et al. 2008
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Haiti Earthquake
Magnitude Mw 7.1

Time: 2010-01-12 at 21:53:10.3 UTC

Location: 18.47 N ; 72.55 W

Depth: 10 km
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-10 days
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CHILE Earthquake
Magnitude: Mw 8.8

Time: 2010-02-27 at 06:34:14.1 UTC

Location: 35.89 S ; 73.04 W

Depth: 30 km
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2010 02 18 Kp 0+0 0+1 2 3 2 0 Σ+ 9 
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Conclusions
• We presented the electromagnetic effects observed by DEMETER satellite 

prior to the earthquakes in L’Aquila, Wechuan, Chile and Haiti. 

• The analysis of the wave form in ELF frequency range with Fourier, wavelet 
and bispectral methods has shown the presence of the strong emissions in 
this frequency range in the ionosphere 9-1 days before the earthquake. 

• The discussed results were obtained during very quiet time and therefore no 
ionospheric and magnetospheric sources of perturbations were expected. 
However these turbulence behaviors are not specifically related to the 
occurrence of earthquakes and can be met in other regions of the ionosphere 
particularly at equatorial and high latitudes. But the closest occurrence in 
space and in time suggests that the observed effects at mid-latitudes are 
related to a perturbation of the ionosphere which could be associated with 
the preparation of the discussed earthquakes. 

• Plans for future studies: look for special features of spectra (slope of spectra 
and its evolution) and wave form (intermittency)

23EMSEV Orange. October 6, 2010



THANK YOU FOR YOUR ATTENTION
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Estimating the Seismotelluric 
Current Required for Observable 
Electromagnetic Ground Signals 

Jacob Bortnik (UCLA, QuakeFinder)
Tom Bleier, Clark Dunson (QuakeFinder) 
Friedemann Freund (NASA Ames, SETI)

Workshop on “Electromagnetic Signals 
Associated with Earthquakes and Volcanoes”
October 3-6, 2010
Chapman University, Orange, CA, USA

Bortnik et al., Ann. Geophys. Vol. 28, pp. 1615-1624, 2010



Background

1. Ground-based measurements of (preseismic) 
ULF magnetic signals, e.g., Fraser-Smith et al., 
[1990] (Loma Prieta), Molchanov et al., [1992] 
(Spitak), Hayakawa et al., [1996] (Guam)

2. Recent “typical” scenario: Bleier et al., [2009], 
Alum Rock earthquake Oct. 31st 2007, Mw=5.6,  
depth ~10 km, displacement ~2 km, observed 
~30 nT pulse

3. Main question to answer: what current is 
needed to produce an observable signature on 
ground-based instruments?



Use a simple model of a “short”, horizontal, buried dipole to 
represent seismotelluric current in a conducting half-volume

Geometry



- Apply boundary conditions

- Component equations as a 
function of x,y,z: 

- Earth: E1x, E1y, E1z, B1x, B1y, B1z

- Air: E2x, E2y, E2z, B2x, B2y, B2z

Equations

Curl equations

Source current

Spatial transform



Observed B vs. conductivity

Assume L=1; we can now fix observed B & invert 



Skin-depth=1/sqrt( f)=10 km, at ×

mho/m

Skin depth



Fix observed 
Bw=30 nT 
& adjust 

L

Vary over 
range of 
typical 
values, and 

L to be a 
fraction of 
rupture 
length.  

Current vs. conductivity & length 



Observed B vs. distance

Set L=108 A-m 
(e.g., =100 kA, L=1 km)



• 3D wave 
power 
distribution

• Deep nulls in 
off-cardinal 
directions

Wave power distribution



Summary & conclusions

• Used a simple model of a “short”, horizontal, 
buried dipole to represent seismotelluric 
current in a conducting half-volume

• A typical situation, e.g., Alum Rock earthquake 
(30 nT, 1 Hz pulse) requires 10-100 kA current

• Detectability threshold 1 pT, 30 km, requires 
~1 kA (consistent with past work)

• Consistent with observed values?  Correct 
model?  Effects of inhomogeneity?  



Low-latitude and Equatorial 

Ionosphere Peculiarities 

Before Strong Earthquakes

Anna Depueva

Workshop on " Electromagnetic Signals Associated with Earthquakes and Volcanoes "  

Chapman University, October 3-6, 2010



Ionosphere   F-region   is  a  subject  to  a 

number of influences which determine its 

structure at any  given  time and location.

The origins of  ionospheric variability, are as follows: 

 solar wind conditions;

 solar ionizing flux; 

 “meteorological”   influences,   including   atmospheric 
fronts, typhoons, volcanoes eruptions  and earthquakes,  
earth’s topography, etc. Standard deviation of F-region  
peak plasma density  to “meteorological” influences  is 

- less than 25-35 % about the mean at periods of a 
few hours to 1-2 days ;

- less than 15-20 % at periods of 2-30 days. 

Forbes J.V., Palo S.E., Zhang X. Variability of the ionosphere. Journal of Atmospheric and 
Solar-Terrestrial Physics. 2000. V.62. N.8. P.685-693.



Within a few degrees of the 

magnetic equator:

”Living with the star opportunities 
for geospace sciences”, NASA

−    the  strong  ionospheric  electric 

current known as the electrojet;  

−   the   daytime   E-layer   contains 

irregular      structures      that      are 

associated  with  the  electrojet,  and 

cause equatorial sporadic E; 

−    the     F-layer    displays   severe 

variations  of  electron  density   and 

height, especially  before sunrise and 

around  sunset.    The   variations   at 

sunset are generally accompanied by 

the instability phenomenon known as 

equatorial spread F. 



Within a few degrees of the 

magnetic equator:

−    the    latitudinal   variations   are 

peculiar too showing equatorial foF2 

trough or Appleton anomaly existing 

from mid-morning to late evening. It 

is  aligned   with   the   magnetic  dip 

equator   where   the   peak   electron 

density is  typically  30%  or  so  less 
than at the crests which lie 15−20 to 

the north and south. The depth of the 

trough    varies    considerably   with 

place,  local  time,  season  and  with 

solar and geomagnetic activity.”Living with the star opportunities 
for geospace sciences”, NASA



It  is  naturally  to  suppose   that  the  ionosphere 

response to the impact  from below is not similar 

one at high,  middle  and low  latitudes,  like it is 

not similar to influence of solar and geomagnetic 

activities  at  different  latitudinal  zones.   In our 

attempts   we   limited   ourselves  by  studies  of 

equatorial  (I ≈ ±2°)  and  low  (I≈ ±30°) latitude 

ionosphere     response    on    the    influence  of 

lithospheric origin. 



The specific structure of the Earth’s crust in the equatorial 

region   (predominantly  meridional elongation of  tectonic 

faults)  cause  a few patches of the enhanced possibility of 

earthquakes of large magnitudes.

-120 -60 0 60 120

Longitude

-60

0

60
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it
u
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The  main  problem   is   to  create  the 

morphological model of the ionosphere 

perturbation before earthquake

It means:

 the evaluation of different  ionospheric  parameters  (foE,  
foF2, TEC, etc.) temporal and spatial changes;

 the height boundaries of the observed perturbation;

 the  estimation  of  the  area   covered  by  a  perturbation  
(how far from the epicenter it could be observed); 

 the   time    delay    between    such    kind    perturbation 
appearance and earthquake event;

 preferable local time for the existence of the perturbation;

 longitudinal features;

 possible connection with solar and geomagnetic activities, 
etc.



1963.08.15

17:25:05.90 UT

13.8o S  69.3o W

I=1.12o

M=7.75

R=2315 km

foF2,
MHz
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ALOUETTE-1 data
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F-region Q-disturbances

Q-disturbances are those existing in the F2-region during 

quiet geomagnetic conditions, when 

|(foF2 27med) − (foF2 obs)] / (foF2 obs)| ≥  20% 

lasts more than 3 hours.

Depueva  A.Kh.,  Mikhailov A.V.,  Depuev V.Kh.  Quiet  time  F2-layer  disturbances  at  

geomagnetic  equator. International Journal of Geomagnetism and Aeronomy. 2005. V.5. N.3. 

F-region Q-disturbances



The    main    features   for 

equatorial Q-disturbances:

 Both    positive   and   negative   Q-disturbances,    their 

amplitude  being  comparable to F2-layer  storm  effects 

resulted   from   increased   geomagnetic   activity  were 

observed.

 Contrary to middle latitudes, negative Q-disturbances are 

more  numerous  compared to positive ones at equatorial 

stations and all levels of solar activity. Long-term (>3h ) 

disturbances   are   more   numerous  at  solar   minimum 

compared to solar maximum.



The    main    features   for 

equatorial Q-disturbances:

 The  majority of negative  long-term  disturbances occur 

in the dark  LT sector,  and  they  are  practically  absent 

during    daytime    hours.    At    Huancayo,     negative 

disturbances are clustering only in the postmidnight LT 

sector under solar maximum. 

 Positive    long-term    Q  - disturbances    exhibit    two 

occurrence maxima,  the nighttime – early  morning  and 

the daytime ones. 

 Annual  variations  for the occurrence  of both  negative 

and positive Q-disturbances at  Huancayo exhibit a well 

pronounced pattern.



Huancayo

Q-disturbances

Negative Q-disturbances
Solar Max

N= 41

0 3 6 9 12 15 18 21
LT, h

0

10

20

30

40

O
cc

u
rr

en
ce

, 
%

.

Huancayo

Negative Q-disturbances
Solar Min

N=144

 0

10

20

30

40

O
cc

u
rr

en
ce

, 
%

.

.

Negative Q-disturbances
Solar Med

N= 99

 0

10

20

30

40

O
cc

u
rr

en
ce

, 
%

.

Positive Q-disturbances
(09-17) LT

N=28

1 2 3 4 5 6 7 8 9101112
Months

0

5

10

15

20

25

O
cc

u
rr

en
ce

, 
%

.

Huancayo

Negative Q-disturbances
(18-05) LT

N=241

 0

5

10

15

20

25

O
cc

u
rr

en
ce

, 
%

.

.

Positive Q-disturbances
(18-05) LT

N=80

 0

5

10

15

20

25

O
cc

u
rr

en
ce

, 
%

.

.

Positive Q-disturbances
All Solar Activity Level

N=104

0

10

20

30

40

O
cc

u
rr

en
ce

, 
%

.

.



1979.03.20

08:53:25.80 UT

7.6o N  126.7o E

I= -0.9o

M=5.3

R=193 km

120 130 140

Longitude

-5

5

15

L
at

it
u

d
e

9

10

11

12

13

14

15

No  data

foF2,
Ì Ãö

ISS-b data

~21 LT

Equatorial earthquakes



1963.04.13

02:20:57.90 UT

6.3o S  76.7o W

I=13.36o

M=6.88

R=947 km

-90 -80 -70 -60

Longitude

-20

-10

0

L
at

it
u

d
e

4

5

6

7

8

9

foF2,
MHz

ALOUETTE-1 data

~21 LT

Low-latitude earthquakes



La Paz

Huancayo

Talara

5

10

fo
F

2
, 
M

H
z

median

observed

5

10

fo
F

2
, 
M

H
z

5

10

fo
F

2
, 
M

H
z

Bogota

5

10

fo
F

2
, 
M

H
z

-312 -264 -216 -168 -120 -72 -24 24 72
Hours

-60

-30

0

30

D
st

, 
n
T

0

500

1000

A
E

, 
n
T

AE
Dst

-90 -80 -70 -60

Longitude

-20

-10

0

L
at

it
u

d
e

4

5

6

7

8

9

foF2,
MHzBogota

Talara

Huancayo

La Paz



Low-latitude earthquakes
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Our    assumption   is   that 

some days before the main 

shock,   electric    field    of 

lithospheric   origin   really    

appears    at    the    Earth’s 

surface over the entire area     

inside  seismic  preparation 

zone.

Possible   explanation   of 

the observed phenomenon



Fejer B.G. Low latitude electrodynamic plasma drifts: a review. Journal of Atmospheric 
and Terrestrial Physics. 1991. V.53. N.8. P.677-693.
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mathematical  modeling  of  equatorial  ionospheric  precursors  registered  in  total  electron  content. 
Geomagnetism and Aeronomy. 2009. V.49. N.2. P.252-262.
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Conclusion

1. Before     some      earthquakes,     stable      ionosphere 
modification  was  observable  ~5  days before the main 
shock  at peak electron density level and a little  higher.  
It  looked like a funnel-shaped depletion (hole) over the   
magnetic equator.  foF2  was  decreased  by 15–20% in 
comparison with background level, median  and  model 
values.

2. foF2 depletion   was   observed   inside  a  limited   area 
between  N   and  S  Appleton   anomaly   crests,   E−W 
dimension being comparable with preparation zone size 
depending on magnitude M.



Conclusion

3. The  shape of the foF2 equatorial anomaly  changed in a 
different  way  depending on  the mutual position of  the 
epicenter and magnetic equator.

4. Electron  density inhomogeneities  were detected  a  few  
days before  the  earthquake  at  the satellite  orbit  close 
to the epicenter.

5. The   aforesaid   depletion   could   be  observed   during 
daytime  hours  preferably;   and  in  the  morning it was 
absent.  The  event  appears  as  long-term  negative  Q-
disturbance.



Conclusion

The    ionosphere   modification   was   observed   when 

earthquake   magnitude   was   large   enough   and   the 

epicenter  was  relatively  close to the magnetic equator. 

In  another  words,  magnetic  equator  have to cross the 

earthquake preparation area in order the effect could be 

evident.    This   tentative   statement  leads  to  possible 

explanation   of  the  phenomenon  under  discussion  in 

frames  of  Martyn’s  (“fountain”-effect)  theory.
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AIMS :

(1) Techniques for extraction of EQ features and precursors over

an Anomaly Crest Station in Sub Himalayan Region:

Approaches and Definition of Precursor by using Ionospheric

parameter as tools

(2) Possibilities on prediction Earthquake near anomaly crest

station and reliabilities (?)

(3) Possibilities of Identifying Epicentre of EQ (?).

(3) How existing ionospheric model supports for framing pre-

earthquake time model?

(4) What earthquake time ionospheric parameters speak to the

dynamics of ionosphere and lower atmosphere?





EARTHQUAKE BELT AND LOCATION OF GUWAHATI

(26.20 N , 91.750 E)



PARAMETERS: 

TEC : From GPS and Geostationary satellites

ASSOCIATED PARAMETERS:

Lower atmospheric variabilities seen through SODAR.

LIDAR

Anomalous  VHF propagation Characters 



Approaches and Methodology 

TEC as a Tool 

Extraction of Pre-EQ 

features 

Parameters studied:

Profile shape  TEC peak

Extraction of Pre 

EQ features

IONOSPHERIC TROPOSPHERIC

Feature studied:

Satellite passes



SUPPORTING PARAMETERS 

Cloud features
SODAR 

STRUCTURES

Anomalous VHF 

propagation features



Data Type and Sources

RB data from 

geostationary 

satellite 

GPS data : Dual 

frequency 

SODAR. Surface 

layer structure 

Lidar: Cloud 

VHF anomalous 

propagation 



APPROAHES : METHODOLOGY 

 Parameter IEC with Q and D day profiling

extraction for seismic induced features

 IEC and EQ features : Classification of Low

and Equatorial characters and parameter

extraction for Model-Inputs

 Model evaluated TEC and comparison with

observed TEC : Approaches and Realization



Analysis steps :

 IEC on pre-earthquake and earthquake days

are first examined with respect to quiet day

mean values of IEC for 15 preceding and

succeeding days of the event.Positive

/negative magnitude (SD bar) of IEC from

mean of 5 quietest days are only taken as

earthquake induced effects.

IEC extraction for identification of  precursor:

Analysis Mode :Temporal variations



BACKGROUND

NE had experienced A FEW STRONGEST EARTHQUAKES of the WORLD

Years: 1548, 1596, 1642, 1663, 1875 (Exact magnitudes not known) 

A few of the worlds strongest earthquakes of  1897 (M=8.7), 1918(M=7.6), 1930 

(M=7.1), 1950 (M=8.7) and 1988 (M=7.3) have caused  untold damage to this 

region. Because of the highly seismically sensitive zone, prediction of earthquake 

in a region like this has become a necessity. Though a few short term predictions 

have been made based on statistical analysis, these are found to be false alarm.

This region is under 

the pressure of three 

tectonic forces :

1. Tibetian-Himalayan 

faults towards North, 

under thrust.

2. Burma faults along 

North-South, under 

thrust.

3. Halflong faults along 

East-West.

North-east region of India and the tectonic faults.



Cluster of earthquake events M>4 in and around 

Guwahati ( Feb-March 2006) 



PROFILE SHAPES EXAMINED FOR Q and D days during 

observation period : 1975-1982, 2006-2010;representative 

plots for   Highest and Lowest Solar activity conditions
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EXTRACTION OF Q & D –DAY FEATURES :

Sample output low solar activity D-Day
Kp=31 Kp=31



EXTRACTION OF Q & D –DAY FEATURES :

High Solar Activity period
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TEC- Geomagnetic parameter  relation  at the lowest 

solar activity period 
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No apparent relation : Quiet conditions prevailing for the entire period
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TEC (peak) variation in November 2008, January 2009 with Rz and Kp 
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TEC profiles during low solar activity period of 2006



TEC peaks as candidates for earthquake precursors 



For extraction of precursor of Earthquake :

1. Q-day TEC and feature extraction from

(i) Noon TEC max (ii) Post noon TEC max

(iii) Post sunset TEC max

2. DO equatorial earthquakes ( moderate strength) effects in

EQ-time TEC ?

3. What is the role of Low-latitude EQ on Anomalycrest TEC?

4. Definition of INPUTS to Model computation on TEC: A few

outputs



Predicted days are marked as group [number 1, 2, 3, 4].

Earthquake (M ≥ 5, i.e. strong, S) occurrence days in the equatorial region 

(2 N to 12 N)/

Earthquake (M ≥ 5, i.e. strong, S) occurrence days in the low-latitude region 

(26 N  5 N).

Earthquake (M < 5, i.e. weak, W) occurrence days in the low-latitude region 

(26 N  5 N).

EQ for the month of February 2006



- Predicted days.

- Earthquake (M≥5)occurrence days in the equatorial region (2 

to 12 N).

- Earthquake (M≥5) occurrence days in the latitude region (26 

5 N).

Earthquake (M<5)occurrence days in the latitude  region (26 

5 N).



TEC prediction during July-2007



Two representative TEC prediction magnitude pattern 

related to low and equatorial earthquake 



EQ Prediction Parameters in relation to EQ Preparatory Zone and 

Longitudinal Separation between Epicentre and Observing Station
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IEC seems to be a good predictor. But single station (temporal) 

observation has limitations :

Data need a good deal of filtration, the effects of solar activity and

geomagnetic influences need to be known as pre conditions.Number of

observation should be large for reliable statistical inferences

Further there are now means to identify location of the Epicentre



Use of APPLETON ANOMALY EEFECT IN IDENTIFYING 

EQ PRECURSORS : 

a) Through extraction of anomaly development  magnitude 

from temporal foF2 variation

b) Through spatial variation of foF2 magnitude around 

epicentre zone ( equator to anomaly latitudes) 



Model  Evaluation of TEC

1. Starting with IRI

2. Q-Day IEC profile and model 

evaluated values : Complexities 

near anomaly  crest
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foF2 vraitions over Ahmedabad

17th February 1995 earthquake at 08.15 IST epicentre 27.640 N, 92.370 E, scale 5.50.

SUMMER EARTHQUAKE  EVENT

Earthquake on 30th July 1996 at 23.00 hrs. IST, epicentre 14.510 N, 119.950 E, scale 6.10.

Day

Day



CASE  V   FEATURES DURING  A  VERY STRONG 

EARTHQUAKE OF JANUARY 2001

Earthquake occurred on January 26th 2001 at 09.00 hrs. IST. Scale 8.1. 

The earth quake is a major event figuring a sequence of earthquakes to 

February 9th 2001. Toll of this earthquake are about 10,000 lives and 

properties valued  billion of rupees. Absence of data from January 26th

to February 1st is due to mass destruction. 

Days



Summer cases ( encouraging but false alarm)

foF2 as precursor CASE  I  ( EQUINOXIAL FEATURE)

Earthquake occurred on April 6, 1994 at 12.30 hrs. IST with epicentre 26.190 N and 96.870 E, scale 5.9 and on 27 April at 

19.40 hrs. IST with epicentre 13.070 N, 119.540 E, scale 6.0.  

Earthquake occurred on (I) 5th May 1997 at 11.15 hrs IST epicentre 14.910 N, 119.890 E, scale

5.5. (ii) 8th May 1997 at 08.20 hrs. IST epicentre 24.89 N, 92.25 E, scale 6.0. (iii) 22nd May

1997, at 04.20 IST, epicentre 23.080 N, 80.040 E, scale 6.0.

Days

Days
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Time  ( 82.5 EMT )

Observed pre-seismic TEC profiles (solid line) of 15.2.2006 and TEC from IRI (dot line)  for 

the same date. The earthquake occurred on 16th Feb with epicenter 24.36ºN, 94.20º E. Also 

shown TEC from IRI, obtained with modified foF2 (dash dot line), appropriate for the noon-

time  vernal equinoxial month (prior to an earthquake). Note that  model  can  correctly 

estimate pre -earthquake observed TEC noon   peak   in the latter case.
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Pre seismic TEC profiles: Observed (solid line )  and IRI evaluated (dot line) and IRI 

output modified(dash dot line) with threshold value of foF2. Note that an 

enhancement in IRI computed TEC to 60 unit is obtained ( not shown in the figure),  

if propagation factor goes to 1.8 to 2.0.  
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POSSIBLE PHYSICAL & DYNAMICAL 

PROCESSES LEADING TO 

ANOMALOUS TEC PRIOR TO AND 

DURINF EARTH QUAKE 



Ionospheric F-region critical frequencies latitudinal dependence: (a) more than 6 days; 
(b) lesser than 5 days before the equatorial earthquake.
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An example of the peak F-region electron density spatial modification before the earthquake 
occured on August 15, 1963 at 17h 25m UT. The epicenter location ( =-13.8 , =-69.3 , inclination 
I 0 ) is marked by asterisk. The earthquake centre depth was d=543 km. Magnitude was 7.75). 
Onboard ALOUETTE-1 satellite measurements of F-region penetration frequence (foF2) from June 
31 to August 14 were used for plot construction. Local times (LT) of the satellite passes over the 
magnetic equator were from 18h 27m to 16h 27m.
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H data taken from the stations Earthquake Date Magnitude Epicentre Position

Trivandrum    8 29΄  N, 76 .57΄  E
Case I 

22.05.1997
6.0 23.1 80.8

Hyderabad     17 25΄ N, 78 º33΄   E

Alibag 18 .38΄ N, 72 .52΄  E
Case II

09.01.1990
5.5 28.2 88.2

Jaipur 26 .55΄ N , 77 .48΄ E

Ujjain            23 11΄  N, 75 47΄  E 
0Case III

9.08.1987
5.6 29.5 83.7

Sabhawala 30˚.22΄ N , 77˚.48΄ E

Examination of Earthquake-time variations on H for the three 

cases shown in the table.1



Earthquake
date 

Earthquake epicenter location 

and Magnitude (M)

Latitude    longitude      M

Name of relevant

observatory

(stations) site

considered

Latitude and Longitude

of the Observatory (stations)

shown in column 3

Latitude                   Longitude  

22.5.1997

CASE 1

23.08 N      80.81 E        6.0 A) Trivandrum

B) Alibag

C) Nagpur 

D) Ujjain

A) 8 29΄N 76 57΄E

B) 18 38΄N 72 52΄E

C) 21 09΄ N 79 05΄E

D)       23 11΄ N           75 47΄E

9.1.1990

CASE II

28.23 N        88.16 E      5.5 A) Trivandrum

B) Alibag 

C) Ujjain

D) Sabhawala

A)     8 29΄ N            76 .57΄E

B) 18 38΄ N 72 .52΄E

C)     23 11΄ N        75 47΄E

D)   30 º 22΄ N           77 48΄E

9.8.1987

CASE III

29.50 N        83.71 E     5.6 A) Trivandrum

B) Jaipur

C) Ujjain

D) Sabhawala

A)    8 29΄ N                 76 57΄E

B)  26 55΄ N                77 48΄E

C)  23 11΄ N                75 47΄E

D)   30 22΄ N                 77 48΄E

Description of stations under study for cases taken up  



H-Variation prior to the Earthquake of 22/05/1997, 09/01/1990 

and 09/08/1987



Considering the case I, i.e. for May 22, 1997 for an earthquake

occurring near anomaly crest, we note large negative values of

ΔH developed four days prior to the earthquake and then

gradually returning to Q-day mean H, just prior to earthquake

days. The pattern supports that low-latitude earthquake could

induct changes in current system near to epicenter zone and

could temporality enhances current system prior to an

impending earthquake and return to normal situation just on the

earthquake day. However for epicenters at off anomaly stations

like case II and III, no consistent association of H with the

earthquake could be seen.



Identification of Epicentre 

Tool: TEC  from GPS: Use 

of Effective Earths Radius 

Factor





China earthquake of May 11 2008

TEC Variation average value from individual satellite



Figure Presents enhancement in records of TEC >60U for different 

satellite passes ( as given by azimuth position ) for the days May 7 , 

9 , 10 , 11,12  and 15  i.e. prior to ,during and after the occurrence 

of May 12, 2008 earthquake 

07.05.08
09.05.08

10.05.08





Figure 5. ( after Dolukhanov 1971) Signal ray curvature and ray path for different N (Radio Refractive Index) conditions.

Figure (a) shows normal atmospheric condition when propagation link is limited to standard line of sight path. Figure (b)

shows critical condition when equivalent earth’s surface becomes flat and signal may travel uninhibited to infinite distance.

Figure (c) is a super refraction condition, when the earth’s surface effectively becomes concave with respect to a straight

ray path and signal may be trapped within this medium and moves as in a wave guide.
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Displays preferred elevation positions of the satellites recording TEC>60U,

for the days before, during and after the May 12 earthquake. Appearance of

large number of low elevation satellites recording TEC>60U before the

earthquake day is to be noted.
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Satellite positions contributing to TEC max (>60 TEC units). In the 

figure two zones one for May 9 and 10 and the other for 11 May 

are shown. Satellites passes are maximum on May 9 and minimum 

on May 11. 



SODAR ECHOGRAM normal 
nocturnal structure 

Inversion layer steady night



19th November 1991 earthquake Epicenter over Guwahati.

Break 

down of 

inversion 

layer : 

Turbulen

ces in the 

atmosphe

re

Inset 

of EQ 

wind shear of 8.44 X 10 -3  /s at 1-2 km at this hour ,compared

to the average of 3.04 X 10 -5  /s 

R= [g(δlnθ/dz)]/(δυ/dz)2



Temperature variation prior to the 
November EQ near epicentre
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Gravity wave parameter 

*The period of 1hr to 1 and ½ hours as seen in the sodar echogram

matches with gravity wave frequency at lower tropospheric height

as observed by different

* Fronde number F that measures the significance of force of

gravity as a restoring force in the development of waves, where F is

given by :

F= [U}/√gL where U gives wind speed at a height l km where

density/temperature drops by half and for an acoustic wave to

sustain F value >1. From tempearature and wind profile we get

L=1.5 km ( when tempearure drops down by half) and prevailing

wind velocity at that time at this height U= 120m/sec. Using

these values F = which is >1 indicating gravity wave could

sustains in the background environment



Richardson Number 

 R= [g(δlnθ/dz)]/(δυ/dz)2  

 Where θ is the potential temperature and δυ/dz is the
wind shear. R≤ ¼ is the necessary condition for
instability in a system . We calculate R using the
potential temperature data and wind shear values for
the night . The R comes to be 0.33, suggesting
condition of instability existed at that height and with
wind shear or temperature gradient as basic energy
input triggered by the earthquake preparatory
processes.



This is a number that provides a measure of the stabilizing

influence of gravity , which is modified by temperature gradient ,

in comparison with the stabilizing effects of the wind shear



Normal Cloud Features as seen by LIDAR echogram at GU
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Thin  Cloud structure prior to EQ
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(1) 29.54 0N, 101.210 E (2) 230 N, 93.7 0E (3) 0.34 0 N, 97.68 0E (4 4.05 0N, 96.030 E  

Thin Cloud Shown by the Blue Pyramids before EQ as seen by 

arrows.
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DAYS 
(1) 24.60 N, 95.04 0  E  (2) 28.870 N, 87.160  E (3) 12.28 N    93.53 E

Cloud feature are shown  for the month of April 2001

Thin Cloud Shown by the Blue Pyramids before EQ as seen by 

arrows.





Identification of  epicentre positions through TV signal 
characteristic features 

April 13, 1984 and April 24, 1984 earthquakes (left panel). 

The epicentres are indicated in right panel for aforesaid events.



TV signal strength received prior to and during 
earthquakes of May 6, 1984 and of May 18, 1984



 TEC : Noon /Post noon peak may offer

earthquake precursor provided one has

defined the relevant atmospheric

parameters for q- D days (ionospheric)

 TEC anomalous features from satellite

normally beyond LOS may offer

epicentre position (tropospheric).

FINALLY



:

 Modification on TEC by Low latitude

earthquake is distinguishable provided

M>5. . Isolated Equatorial earthquake

influence is weak though modulates

TEC character along with Low latitude

EQ if occurs on same time.



Earthquake time model output :

1) Model (IRI)underestimates  pre earthquake 

time TEC

2) Model output could estimates pre-earthquake TEC  

after  induction of input parameters with  modified  

values obtained from earthquake time TEC 

analysis  .

3) The modified inputs suggests development of 

ionised layers at the lower atmospheric heights 

prior to an earthquaker



 In view of the above discussions and results
offered by the GPS TEC data, foF2, Lidar .
SODA and anomalous VHF propagation
characters :

 it is seen that it may be possible to identify
epicenter of strong earthquake lying
within earthquake preparatory process



It is important that if Coupling Mechanisms from

lower to Upper atmosphere is understood from

simultaneous observations ( GPS, VHF,

LIDAR,SODAR, it may be possible for offering

reliable precursor.





LIDAR 

:Cloud:15km 

RADIOSONDE: Lapse 

rate , Wind Shear : 

Beyond Tropopause

TOWER: 

Boundary layer: 

50m 

SODAR: Atmospheric 

waves  and structures :1-2 

km

GPS & Satellite(DEMETER): 

Total Electron Content F-Peak 

and Beyond , FM /TV :Anomalous 

VHF propagation 

>500m

MULTI-TECHNIQUES FOR REALISING EQ 

PRECURSORS
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Steve McNutt1 and Earle Williams2

1University of Alaska Fairbanks

and Alaska Volcano Observatory
2Lincoln Lab, MIT



87 volcanoes

236 eruptions

177 VEI

142 ash plume heights

McNutt and Williams, 2010

Galunggung, 1982

R. Hadian



literature searched systematically, 
colleagues polled, 
photographs collected, 
newspapers and other sources searched, 
poster displays and videos compiled

Sakurajima



Day 44%; night 56% (easier to see)

VEI = 0 to 6

Ash plumes: 0.2 to 33 km

Composition: basalt to rhyolite

Volcanic plumes have abundant water

Rinjani



Eruptions with lightning have systematically higher VEI 

McNutt and Williams, 2010



Height in km

Two peaks/bimodal:  1-4 km and around 10 km; suggests two dominant regimes



Instrumental data – three types of lightning

Terminology Thomas et al., in press



LMA (Lightning

Mapping Array)

Peak power

Number points

Above threshold

Time between

peaks

Infrasound

Seismic near

Seismic far

Augustine 2006

Vent discharges

Thomas et al. in press



Tavurvur volcano – note short scale length of 10s of meters  (crater 100 m diameter)

Note – this photo does not correspond to instrumental data



Near vent lightning – note scale length of 100s meters to 3 km; suggests

High space charge density, perhaps 1 order of magnitude > thunderstorms

Karymsky volcanoE = ρ R /  3εo



Plume lightning – most similar to thunderstorms; 

starts 4-15 minutes after eruption onset, 1-15 km scale,

Duration 50-650 ms; moves downwind with plume

(Redoubt and Spurr showed first –CG then positive.)

Thomas et al., in press



Primary – drives explosions by expansion of 

steam.

Ash plumes are water rich.

Direct electrical effects– water and ice carry   

charges and are key to plume lightning.

Large eruptions are “dirty thunderstorms”.

Latitude and seasonal distributions show that 

magmatic water >> entrained water.



Redoubt 4-21-90

J. Warren

Measure height

and radius

Estimate volume

Known ash mass

2 x 107 Kg

Assume 5 wt percent

H20

Calculate mass of 

water per m3 of air

Results:

Mean Cloud Water Content

is about 30 gm/m3

This is 50 percent > saturation for air at 30 deg C or two orders of magnitude 

> saturation of upper troposphere at typical ambient temperatures

Williams and McNutt, 2005

Water content of plume



Latitude effects

McNutt and Williams, 2010



Normalized to percent, data show no trend versus latitude

McNutt and Williams, 2010



In contrast, meteorological lightning is more prevalent in the tropics

by about an order of magnitude. This comparison suggests that

entrained water does not play a major role in producing volcanic 

lightning.

Williams, 1992



Percent of eruptions with lightning at 7-12 km is > three times higher than 0-6 km.

This suggests a more efficient process at 7-12 km…..involving water and ice.

McNutt and Williams, 2010



New lab results: ice forms on volcanic particles at 250-260 K

Durant et al., 2009



E. Williams

Ice

No ice



Percent of eruptions with lightning at 7-12 km is > three times higher than 0-6 km.

This suggests a more efficient process at 7-12 km…..involving water and ice.

McNutt and Williams, 2010

No ice          Ice



Volcanic lightning is common.
Three types: 

vent discharges
near vent lightning
plume lightning

High space charge density.
Several mechanisms.
Role of water and ice significant for 

plume lightning.
Magmatic water > entrained water.
Future needs: more instrumental data,

in situ measurements.



Eyjafjallajokull National Geographic

Thank you
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number eruptions vs. VEI

Series1

VEI no. ht. range mid-point

log 

number

0 465 0.1 0.1

1 654 0.1-1 0.5

2 2992 1-5 3 3.475962

3 728 3-15 9 2.862131

4 195 10-25 17.5 2.290035

5 48 >25 25 1.681241

6 15 30+ 31 1.176091



























































































































































































Electromagnetic Signals Associated with L’Aquila Mw 6.3 

Earthquake by means of L’Aquila Geomagnetic Observatory 

Data, and Interstation Impulse Response Functions

P. Palangio(1), C. Di Lorenzo(1), A. Meloni(2) and U. Villante(3) 

(1)Istituto Nazionale di Geofisica e Vulcanologia, L‟Aquila, Italy

(2)Istituto Nazionale di Geofisica e Vulcanologia, Roma, Italy

(3)Università degli Studi di L‟Aquila, Italy

antonio.meloni@ingv.it
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On April 6, 2009 at 01:32:39 UT a strong earthquake occurred west of

L'Aquila, Italy, at the very shallow depth of about 9 km. Main shock local

magnitude was Mw = 6.3. Several powerful aftershocks also occurred

the following days.

The epicentre of the main shock was only 6 km away from the

Geomagnetic Observatory of L'Aquila,

L'Aquila Geomagnetic Observatory data, in various frequency bands from

DC to ULF, will be shown

Using also an independent station located at Duronia, about100 km SE of

L‟Aquila, daily estimates of inter-station transfer functions and impulse

functions, from 2008 to 2009, will also be shown.

Data from a small seismomagnetic network (dating back to 1989)

installed around L‟Aquila will also be shown.



Map of instrumental seismicity in the period 1980-2009 from INGV Catalogue. The April 

2009 remarkable events (day 6, Ml=6.3; day 7 Ml=5.3; and day 9 Ml=5.1)  took place in 

a silent region at the Southern end of the Northern Apennine extensional belt.

Stars indicate the three Ml>5 

earthquakes. Focal mechanisms 

from the RCMT Catalogue.

L‟Aquila earthquake, from Chiarabba et al GRL 2009



Details of the foreshocks and aftershocks in the December „08 – July „09 time window 

around the April earthquakes occurred west of L'Aquila at the very shallow depth of 9 km. 



(b) Vertical sections across 

the Laga Mts. fault (SEZ-1) 

and the Paganica fault (SEZ-

2, and SEZ-3). The fault 

geometry is consistently 

defined by the largest 

aftershocks. (c) Vertical 

section along the fault 

system, showing the 

geometry of the ruptured 

faults. Red dots are the ML  

4.0 earthquakes. The 1703 

and the 1915 earthquakes 

occurred at the north and 

southern border of the 

Paganica fault.

From Chiarabba et al GRL 2009

The earthquake has a pure normal faulting mechanism and the ruptured fault is 

~15 km long, NW-trending and ~45 SW-dipping fault, located between 2 and 10 

km in depth. Such normal faulting is typical for the Apennines region. 



Descending orbit 

ENVISAT 

Ingterpherogram  

showing the ground 

dispalcement as 

observed by satellite SAR 

techniques. Paganica 

fault is visible in the 

image as a yellow line.



Magnetometer data  I

Tri-axial fluxgate and induction magnetometers of the L‟Aquila ULF station. 

Measurements from both instruments are recorded at a sampling frequency of 

1 Hz from the same acquisition system. 

Fluxgate magnetometer has a rms instrumental noise of ~ 20 pT in the 

frequency band 1-500 mHz;

Induction magnetometer has an amplitude/frequency response almost linear 

(~6 Volt/nT/Hz) in the frequency range 0-0.2 Hz. The rms instrumental noise is 

~1 pT (Pc1), ~1 pT (Pc2), ~3 pT (Pc3), ~5 pT (Pc4), ~10 pT (Pc5). The rms of 

the quantization noise is less than 0.5 pT in the frequency range 1-500 mHz. 

Data have been organized in frequency bands corresponding to the Pc1-Pc5 

classification. For the higher frequency bands (Pc1-Pc2) we mostly considered 

measurements from the induction magnetometer, more suitable for higher 

frequency fluctuations (see also the rms noise), and measurements from both 

instruments in the other bands (Pc3-Pc5).



Magnetic ULF precursor signals found in literature basically consist of one 

or more of the following aspects:

a) A substantial increase in the noise background starting from days to several weeks 

preceding earthquake covering almost the entire ULF range (Loma Prieta, Spitak, Guam, 

Alum Rock), followed by an anomalous dip in the range 0.2-5 Hz starting one day ahead 

the earthquake (Loma Prieta).

b) An increase to a high level of activity in the range ≈10-50 mHz starting few hours before 

the earthquake (Loma Prieta, Spitak).

c) A broad maximum of the “polarization parameter” R2 =PZ/PH about one month before 

the earthquake (PZ and PH being the integrated power of the vertical component, Z, and 

of the North/South component, H, in the approximate range of frequency ≈10-100 mHz; 

Guam, Bovec) and the emission of presumably earthquake associated waves with main 

frequency in the range 20-50 mHz (Guam).

d) A gradual decrease of the slope of the power spectrum during the process of 

earthquake preparation (1-1.5 month) and an increase of the fractal dimension (Guam, 

Biak).

e) An increased occurrence of negative or positive (or a combination of positive and 

negative) pulses of short duration, identified on the East/West component (D) 

approximately 15 days before the earthquake (Alum Rock).



Since from 21 UT to 03 UT the contamination from global natural signal and 

from artificial noise is notably lower than during daytime, all following statistics for  the

ULF refer to the 00-03 UT time interval; essentially the nightime.



Panel a-c: Histograms of the amplitude distributions of the geomagnetic field components in 

different frequency bands. Panel d: Histogram of the distribution of the polarization 

parameter R=PZ/PH. Black line: data for 2007-2008; red line: data for January-April,5, 2009. 



Panel a-c: Amplitudes in different frequency bands. Dotted lines report the median values. Bottom 

behaviour of Kp index. Panel d: The polarization parameter R. Black line: data from induction 

magnetometer; red line: data from fluxgate magnetometer. Arrows identify some events

Event A

11/25/2008

Event B

12/30/2008

Event C

12/11/2008

Event D

3/5/2009

Oct ’08-

Apr ’09



Event A

11/25/2008

Wave activity

Event B

12/30/2008

Bay like variation

Event C

12/11/2008

Strong lightning

activity

Event D

3/5/2009

Contamination 

From local

source ?



Event D 



Panel a-c: The hourly average of amplitudes in different frequency bands (0-24 UT) for the three days preceding 

the earthquake. Panel d: The polarization parameter R. Black line: data from the induction magnetometer; red 

line: data from the fluxgate magnetometer. The dotted lines on the right identify the earthquake occurrence.



Magnetometer

data II (a)

Aqu and Dur

Since the end of 2007 a new electromagnetic field monitoring station has been in operation in 

Central Italy in a village called Duronia. Duronia has very low electromagnetic background noise 

and hosts: Tri-axial fluxgate magnetometer, Tri-axial high frequency search-coil magnetometer, 

Triaxial low frequency search-coil magnetometer, Scalar magnetometer (Overhauser), Telluric 

electric potential measurement system.



Total magnetic field F differences 1 s data between AQU and DUR observing systems

(0.01 nT resolution) from time 00.00 at 01.20 UT on day April 6, 2009. A coseismic impulse 

at the earthquake time (01.32) was detected and could be due to magnetic effect following 

an impulse reasonably due to a seismic origin phenomenon. Total field difference decay in 

the coseismic magnetic transient showing a time constant of 50-100 sec typical of 

electrokinetic phenomenon.

Total magnetic field F differences



Using the two three component 

fluxgate magnetic instruments from 

stations operating at L‟Aquila and 

Duronia, Interstation ordinary 

impulse response functions for 

Aquila-Duronia were computed (after 

some magnetic cleaning of both data 

series).

Interstation ordinary impulse response 

functions for Aquila–Duronia were obtained 

from previous analyses before the 

earthquake. Then in time windows of a few 

days before and after the quake, impulse 

response functions were used to obtain 

L‟Aquila magnetic components clean from 

local effects.
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Magnetometer data II (b) Aqu and Dur

Finally, from simple differences between 

measured and reconstructed components, a 

residual field was obtained at L‟Aquila.



Interstation impulse functions Residual field   0.5Hz - 5 Hz

Impulsive magnetic events. Are they due to electric currents due to cracks 

opening and fluid flows in the ground…?



From 1989 some magnetometers simultaneously measure the total magnetic field intensity observations by 

proton procession magnetometers. Daily mean values from AQU and the seismomagnetic stations. Show a 

steady increasing secular variation of about 25 nT/yr. Synchronous spikes are due to solar activity. 

Magnetometer data  III



Although some moderate seismicity occurred 

in the years in the area of interest, and at 

times small amplitude anomalies have been 

detected from this network, it was never easy 

to identify a clear one-to-one relation between 

magnetic anomalies and seismic events. 

For this reason the high seismic activity that 

has occurred and culminated with the M=6.3 

L’Aquila 2009 event was considered of great 

interest.



Aqu is equipped with an Overhauser magnetomer 0.01 nT resolution

Dur is equipped with an Overhauser magnetomer 0.01 nT resolution

MDM and CVT Geometrics 556, 0.1 nT.

Some detailed differences were investigated for the last 2 two years including 

the earthquake time window. Some long term anomaly was found. Correlation 

with Kp indices was investigated. Some correlation can be found on all 

observation data couples but it is clearly less evident when L‟Aquila is involved; 

for this reason it could be not dependent on external fields and be local.



Earthquake at day Apr 6,

2009, 462 on this graph



Earthquake at day Apr 6,

2009, 462 on this graph



AQU-DUR

Correlation 

coefficient

with magnetic 

activity

Index K



From Magnetometer data in the ULF band

a) No detectable increase in the noise background preceding the earthquake was observed in 

the entire ULF range (such as found in Loma Prieta, Spitak, Guam, Alum Rock)

b) No increase to a high level of activity in the range ≈10-50 mHz starting few hours before the 

earthquake (Loma Prieta, Spitak).

c) No broad maximum of the “polarization parameter” R2 =PZ/PH before the earthquake (PZ and 

PH being the integrated power of the vertical component, Z, and of the North/South 

component, H, in the approximate range of frequency ≈10-100 mHz; Guam, Bovec)

From Magnetometer data comparing Aqu and Dur

a) A very feeble coseismic effect (only observable because the event was at night) was detected 

and is reasonably due to a seismic origin phenomenon. Total field difference decay in the 

coseismic magnetic transient shows a time constant of 50-100 s typical of an electrokinetic 

origin

b) Interstation impulse functions residual field in the band 0.5Hz - 5Hz shows some activity before 

and after the quake 

From seismomagnetic network Magnetometer data

Differences investigated for the last 2 two years ,including the earthquake time window ,show some 

long term anomaly. Correlation with Kp indices was investigated. This correlation is not evident when 

L‟Aquila is involved; for this reason it could be not dependent on external fields and be local.

CONCLUSIONS 



EMSEV LA-2010

Ionospheric variations recorded by 

DEMETER at the time of large seismic 

events

M. Parrot

LPC2E / CNRS

Orléans
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Altitude of

DEMETER

The satellite orbit is nearly 

sunsynchronous

Night 22.30 LT

Day 10.30 LT

Sept. 25, 2009

Sept. 26, 2009
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The M8.8 Chile Earthquake
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CHILI EQ

27 Février 2010

06:34:14 UT

35.85°S

72.72°W

M = 8.8

d = 35 km

d1
d3

d2 
d4 

Earthquake
epicenter

Conjugate point of 
the epicenter

South conjugate point
of the epicenter at 
the satellite altitude

North conjugate point 
of the epicenter at 
the satellite altitude

DEMETER orbit
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Positions of the

maxima along

the orbit

Conjugate area

of the second

maximum
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from D. Pisa



EMSEV LA-2010

anonymous referee: ……One could just as well plot random noise or any data 

parameter that changed with time during the months or days before the M8.8 

Maule earthquake [e.g.  stock market, wind speed, etc] and claim the changes 

are related to the earthquake…..
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anonymous referee: ……Since this is the second largest earthquake on the 

Earth in the past 25 years, it might be expected that, if ionospheric density 

changes have anything to do with earthquakes, then these should be easily 

detected for such a large earthquake with clear signals easily evident in 

multiyear plots of data certainly at the time of the earthquake when major 

deformation, stress change, seismicity, coupled acoustic waves and 

ionospheric disturbances occur and, prior to the earthquake, if precursory 

signals occur. It is apparent from this paper that there are no coseismic 

changes and these two short-term transients are very questionable at best 

and probably have nothing to do with the earthquake. …..
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answer :

- perturbations at the time of the EQ. There is a propagation of an acoustic 

gravity wave in the atmosphere and in the lower ionosphere but the satellite 

must be at the right place and at the right time to catch the effect of this wave 

because it dissipates rapidly. 
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03:33:43 UT

Lat 14.12°

Long 268.26°

M 5.1

d 6.0 km
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03:15:46 UT

Lat13.3°

Long 270.03°

M 5.0

d 84 km
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Deq + 7



EMSEV LA-2010

Deq + 8
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anonymous referee: ……Worse, papers that suppose to provide a physical 

basis for expectations of such behavior [e.g. Pulinets and Boyarchuk, 2004;  

Freund, 2009] are based on proposed data relationships to earthquakes  

[radon emission in the case of Pulinets and Boyarchuk, 2004] that have been 

shown to not to be true or charge generation in the Earth's crust [in the case 

of Freund, 2009, based on loading dry crystalline rocks] that have been shown 

not to be relevant in the conducting fluid-filled crust where the charge will be 

quickly short circuited. . …..
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anonymous referee: ……With all this said, we still have the authors attempt to 

show these two short-term disturbances in ionospheric density of less than a  

few-minutes duration recorded 17 days and 9 days before the M8.8 Maule 

earthquake signals are unique by taking 3-month data slices of ion density 

from January to March during 2007, 2008 and 2009 and comparing these with 

the 2010 data slice. I do not find this at all convincing since I see signals in 

January for two of these three years. And why not search all of the available 

data, particularly that for the rest of 2007, 2008 and 2009? How many of these 

events are seen per year? . . …..

answer: to keep the same season.
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17 days before
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Feb. 18, 2010

Deq - 9
Feb. 10, 2010

Deq - 17

Chile trench
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Are we ready to predict EQs ?

To find a short-term precursor does not mean that we can 

predict EQs. 

We must know:

the position

the time

the magnitude

An approximate position can be found with the help of the 

fault system on the ground but large uncertainties remain 

about the time and the magnitude.
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Feb. 10, 2006

17:51:54 UT

32.52°S 288.61°E

M=5.1
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11 days before
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Feb. 10, 2010

Deq -17

Feb. 18, 2010

Deq - 9

Feb. 16, 2010

Deq - 11
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More important points:

There are numerous ionospheric perturbations coming 

from other sources (solar activity, AGW, TID, plasma 

dynamics, large meteorological phenomena…)

There are EQs with no ionospheric perturbation. Perhaps 

due to the crust composition and configuration but also 

we do not expect to have continuous ionospheric 

perturbations and with a single satellite we are ‘above’ a 

given future epicenter only during 3 minutes per day.
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Conclusions

Next paper will show the results of a statistical analysis using the density.
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Conclusions

- End of the mission in December 2010,

- CMS will continue until December 2011.
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Statistical analysis of plasma 

parameters recorded by DEMETER as 

function of the seismic activity

M. Parrot

LPC2E/CNRS 

3A, Avenue de la Recherche

45071 Orléans cedex 2,

France

E-mail: mparrot@cnrs-orleans.fr
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Statistical analysis with the electron density
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Important points:

There are EQs with no ionospheric perturbation. Perhaps 

due to the crust composition and configuration but also 

we do not expect to have continuous ionospheric 

perturbations and with a single satellite we are ‘above’ a 

given future epicenter only during 3 minutes per day.

There are numerous ionospheric perturbations coming 

from other sources (solar activity, AGW, TID, plasma 

dynamics, large meteorological phenomena…)
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Statistic on the ion density measured by IAP

Software for automatic search of increases/decreases in the IAP data base

until 15 days before the EQs during night time when the satellite is at less

than 1500 km from the epicenters.

August 2004 – October 2009

EQ data base: 17366 EQs with M > 4.8
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320 km

SAMOA EQ

September 29, 2009

17:48:11 UT

15.51°S 172.03°W

M=8.1 d=18km
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SAMOA EQ

September 29, 2009

17:48:11 UT

15.51°S 172.03°W

M=8.1 d=18km
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Feb. 10, 2006

17:51:54 UT

32.52°S 288.61°E

M=5.1 d=32km
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Nov. 11, 2007

17:49:58 UT

10.95°S 162.15°E

M=6.6 d=42km
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May 25, 2008

08:21:49 UT

32.59°N 105.42°E

M=6.0 d=10km
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Nov. 16, 2008

17:02:32 UT

01.27°N 122.09°E

M=7.3 d=30km
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Nov. 16, 2008

17:02:32 UT

01.27°N 122.09°E

M=7.3 d=30km
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2005/05/23 04:13:45:027  30.27   67.80  5.20   24.00 2

0 047171 2005/05/22 17:41:49:545  29.55   63.65 2 2005/05/22 17:41:21:744  2.11%

1 047021 2005/05/21 16:59:07:438  31.60   73.92 0

2 046881 2005/05/20 17:54:01:228  29.02   60.70 2 2005/05/20 17:53:38:060  5.32%

3 046731 2005/05/19 17:11:17:041  30.95   71.01 0

4  46591

5 046441 2005/05/17 17:23:27:218  30.33   68.08 1 2005/05/17 17:23:38:802  0.71%

6 046291 2005/05/16 16:40:52:062  32.80   78.23 2 2005/05/16 16:41:12:913  1.90%

7 046151 2005/05/15 17:35:39:863  29.86   65.12 0

8 046001 2005/05/14 16:52:58:402  31.95   75.38 0

9 045861 2005/05/13 17:47:49:993  29.24   62.19 1 2005/05/13 17:48:08:528  3.92%

10 045711 2005/05/12 17:05:07:768  31.29   72.47 1 2005/05/12 17:04:27:731  2.17%

11 045571 2005/05/11 18:00:03:112  28.81   59.21 0

12 045421 2005/05/10 17:17:18:183  30.69   69.54 2 2005/05/10 17:17:43:667  0.70%

13 045281 2005/05/09 18:12:17:450  28.44   56.22 0

14 045131 2005/05/08 17:29:27:549  30.03   66.62 0

Increase/decrease data base

EQ information

Orbit with I/D

Orbit without I/D

No orbit

Information on 

the EQ Location

0 sea

1 coast

2 land

Time and position of CA

Time of I/D

% of I/D
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Parameters of the statistic

Location of EQs

Magnitude

Depth

Magnetic activity (Kp)

Aftershocks removed

time

EQ                          AF

15 days n days

If n < 15, n-1 days considered
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Other data base with random data has been used:

RAND1 same time but random positions

RAND2 shift EQ longitudes 25° to the west
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Threshold % = 6.

Random

Ratio between the number of perturbations 

with T > 6 and the total number of cases for 

each of the 15 days
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Threshold % = 6.

random

M EQs > 4.8 

Ratio between the number of perturbations 

with T > 6 and the total number of cases for 

each of the 15 days
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M Ran

d1

Ran

d2

4.8 5. 5.5 6.

All 9.2 10.9 11.3 11.3 11.8

Sea 10.7 11.7 14.2 14.0 14.5

Land 7.4 9.8 8.6 8.7 9.3

Threshold % = 6.

Ratio between the number of perturbations 

with T > 6 and the total number of cases for the 

15 days before an EQ
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M Ran

d1

Ran

d2

4.8 5. 5.5 6.

All 21.3 23.8 24.2 24.7 25.2 25.7

Sea 23.9 25.4 30.5 30.4 30.9 31.4

Land 18.7 21.5 20.0 20.5 21.6 22.7

Threshold % = 2.

Ratio between the number of perturbations 

with T > 2 and the total number of cases for the 

15 days before an EQ
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Statistic on the electron density measured by ISL

Ne = Ni

Two different instruments

Same software

Same EQ data base
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M Ran

d1

Ran

d2

4.8 5. 5.5 6.

All 11.4 12.4 13.1 13.3 13.4 13.6

Sea 11.7 11.9 14.2 13.9 14.1 14.4

Land 10.9 12.9 12.9 13.2 13.8 14.0

Threshold % = 0.5

Ratio between the number of perturbations 

with T > 0.5 and the total number of cases for 

the 15 days before an EQ
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Conclusions 

- We have statistically shown that we detect more perturbations before EQ 

occurrences than without seismic activity.

- Surprisingly, the effect is larger for EQs occurring below the sea.
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(courtesy of P.F. Biagi)
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Radium decay involves the release of the excess 
energy which is shared between the α particle 
which forms (98.1%), and the new radon atom

The emanating power of rocks is defined as the 
ratio between the amount of radon escaping 
from the solid matrix and that produced by 
radioactive decay
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 topography along the fault zone (google earth?) 

23

23

Image from 

http://www.atmos.ucla.edu/~alexhall/res.html

Site Location- northern San Jacinto fault zone

http://www.atmos.ucla.edu/~alexhall/res.html
http://www.atmos.ucla.edu/~alexhall/res.html


Importance
Earthquake hazard for Inland Empire







Preliminary event chronology:

1. 1750 to 1853

2. 1502-1612

3. 1091 to 1220

4. 1066 to 1202

5. 1026 to 1157

6. 620 to 864



Comparing Mystic Lake events to Hog Lake record

Overlap of events 1, 2, flurry around 1000 to 1200 AD



Paleoseismology of the San Andreas Fault – The Wrightwood Record



Weldon et al., 

2002



Multiple-event growth strata



Long record of surface ruptures at 

Wrightwood along the San Andreas fault



Mystic Lake

1857
1812

Comparison with Wrightwood record













What About the Regions East and 

West of the San Andreas Fault? 

• Eastern California Shear Zone

• Los Angeles Basin



•Several Major Earthquakes 

This Century!

•1947 M6.3 Manix Lake

•1975 M5.9 Galway Lake

•1979 M5.9 Homestead Valley

•1992 M6.2 Joshua Tree

•1992 M7.3 Landers

•1999 M7.1 Hector Mine

•What are the long-term 

patterns of strain release?







































Whittier 

fault
• Strike-slip fault

• Slip rate ~ 2.5 

mm/yr RL

• 2 EQ’s in past 

3400 yrs

• Slip ~2m at one 

site

• MRE was 1400-

2200 years ago, 

penultimate at 

3400 years BP





Sierra Madre Fault

• Slip rate ~0.5 

mm/yr

• 2 earthquakes 

in past 15 ka

• MRE ~7-9 ka

• ~5m slip/event









Conclusions

Earthquake recurrence in southern California tends to be irregular on 

individual faults

Earthquakes tend to regionally cluster on systems of faults east and west 

of the main plate boundary faults

The southern San Andreas and nearly the entire San Jacinto fault zones 

are due or overdue for a large earthquake

The Eastern California Shear Zone is currently in a cluster that has 

involved most faults in the past 1000 years

For earthquake precursors, you will likely get more 

mileage out of your studies if you focus on the 

faults that are most likely to fail in the near future





















































Thank you for attention!



Yoichi Sasai(Tokai Univ.), Kan Okubo(Tokyo 

Metropol. Univ.), Nobunao Takeuchi(Akita Pref. 

Univ.), Mitsuru Utsugi(Kyoto Univ.), Kiyohumi 

Yumoto(Kyushu Univ.)

Direct Magnetic Signals from Earthquake 

Faulting: Iwate-Miyagi Earthquake of M 7.2, 

Japan

2010/10/04(Mon.)

EMSEV-Santa Ana 

0



1

EM Observations at HSK (Hosokura) Mine



2

EM Observation Apparatus at HSK

 High-Sensitivity Flux-gate Magnetometers (0.01nT, 1 sec) 

 Capacitive Antennas, Electric Field Mill, Vertical Electric 
Potential Difference Measurements

 GPS Synchronized Clock



Two Flux-Gate Magnetometers System

Measurements above and under the ground

3

堆積層

磁力線

Fluxgate 磁力計

Fluxgate 磁力計

細倉地中観測室

緑色凝灰岩／変朽安山岩

~70 m

~1 m

GPS アンテナ

立抗

【Resolution】

⇒0.03nT

【Time Interval】

⇒under: 0.5s

⇒above: 1s



The 2008 Iwate-Miyagi Earthquake

The 2008 Iwate-Miyagi Nairiku 

Earthquake
2008/6/14 8:43.46JST

N39°01.7´, E140°52.8´

Depth 8km

Magnitude 7.2

（JMA-Web）
4
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Magnetic Signals before the Arrival of Seismic Waves

Magnetic field under the ground

2008/06/14  08:43 - 08:45

Origin Time of Eq.
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Signals are almost the same between above and below

Magnetic field above and under the ground

2008/06/14  08:43 - 08:45

Earthquake Origin Time



Apparent changes due to ground shaking ?

Answer is NO!, at least as strong as 90 gal.

Another example of a strong earthquake.

加速度UD [gal]

地上地磁気X [nT]

地上地磁気Y [nT]

地上地磁気Z [nT]
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Summary of Observations

 Typical features

 Magnetic changes started almost Co-seismically.

 Small but noticeable changes prior to P-wave arrival.

 Even during the S-wave arrival, the earlier portion of the changes 

is not due to the shaking of the ground.

 Magnetic wave-forms are not oscillatory.

 No changes in the vertical electric field (potential difference) and 

the atmospheric electricity.
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The Only Example in the Past

 The 1999 Izmit (Kocaeli), Turkey, Earthquake of Mw 7.4

(After Honkura et al, 2000, 2002, Matsushima et al, 2002) 

9
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The Static Seismomagnetic Effect

 The 1992 Landers, California Earthquake (Mw 7.3) (After 

Johnston et al., 1994)

 Piezomagnetic effect caused by static stress field due to faulting.

 The sampling interval is 10 minutes.

Can we see the dynamic processes by magnetic observations 

with high resolution and sampling rate  (1 Hz)?

Johnston, M. J. S., R. J. Mueller, and Y. Sasai, Magnetic Field Observation in the Near-Field the 28

June1992 Mw7.3 Landers, California, Earthquake, Bull. Seismol. Soc. Am., 84, 792-798, 1994.



The Fault consists of 11 segments.

The observed offset was a cumulative sum 

of contributions from each fault segment.
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The Dynamic Seismomagnetic Effect

Basic Equations for Magnetic Vector 

Potential

12



Piezomagnetic Field 5 Sec. after O. T.

13

HzHyHx
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Comparizon of Obs. and Comp.

14

 Computed Mag. Field by Seismic Source Model (Yamanaka, 2008) 

 General features of 3-comp mag field are coincident.

 Amount of magnetic changes is also comparable.
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Conclusions

The observed magnetic signals should 
be caused by piezomagnetic effect.

Theory of the dynamic seismomagnetic 
effect is not completed yet.

P waves do not generate magnetic 
signals, while S and surface waves can 
produce magnetic fields.

The near field term with S wave speed 
plays the major role.

This effect could be applied to early 
warning of an earthquake.
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Curtsey of Ouzounov





NOAA-AVHRR thermal anomaly images during the Gujarat
earthquake (Black portion is ocean and the black solid circle is the
epicenter. Thermal anomaly shows highest value over the epicentral
region on January 26, 2001 the day earthquake occurred)
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TOTAL OZON CONTENT, INDIA, EQ:26.01.01, 23.33N, 70.32E, h=22, M=8 
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Brightness temperature variations using 
85 GHz horizontal polarization in 
descending mode, (a) for the year 2001 
and (b) for the months of January and 
February, 2001.
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Trigunait et al., 2004, Annales Geophysicae (2004) 22: 4123–4131



Digital Tectonic Activity Map

Possible earthquake precursors

Current studies of electromagnetic

methods for short-term EQ

prediction.

Earthquake 
characteristics vary 
with respect to 

•Magnitude

•Focal Depth

•Lithology and 
surroundings

•Type of faults 



COSPAR, July 2010, R.P. Singh  

Lithosphere-Atmosphere-Ionosphere (LAI)  Coupling

Kamogawa[2006, GRL]
23







Ist stage - Sometime, prior to EQ (M>5.5), hydrological regime 
changes, not always though.  Such changes may give rise to oozing of  
greenhouse gases (CO2, CO), Helium and radon emission,                  
enhance skin temperature of the earth (Thermal 
temperature).

IInd Stage – Latent Heat Flux changes, One may find change in 
Gravity wave and also change in Relative Humidity, Air Temperature 
and other Meteorological parameters.

IIIrd Stage – Changes  may be 
occur  in TEC and Ionospheric 
perturbations 

As a result one can find 
EQ  precursors.

26COSPAR, July 2010, R.P. Singh  
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Chapman University, USA, 3-6 October 2010

Generation of the seismic related VHF electromagnetic 

radiation in the atmosphere.

V.M. Sorokin,  Yu.Ya. Ruzhin,  V.D. Kuznetsov,  A.K. Yaschenko

It was shown that VHF radiation is generated at the altitudes 1 – 10 km in the

atmosphere over the epicenter of EQs. The theory of generation of

electromagnetic radiation by random electric discharges was developed. These

discharges are excited by DC electric field enhancement up to the breakdown

value in the atmosphere. The theoretical results are confirmed by observation

data of the VHF radio emission at 41 and 53 MHz obtained on the four stations of

Create Island.

Pushkov Institute of Terrestrial Magnetism, Ionosphere and Radio 

Wave Propagation, Russian Academy of Sciences (IZMIRAN), 

142190 Troitsk, Moscow region, Russian Federation



Basic experimental results.

• Enhancement of seismic activity and typhoons produce DC electric
field disturbances of the order of 10 mV/m in the ionosphere.

• These ionospheric disturbances occupy the region of the order of
several hundred km in diameter over epicenter.

• DC electric field enhancement arises in the ionosphere from hours
to 10 days before earthquakes.

Chmyrev et al., Phys. Earth Planet. Inter. 1989.

Sorokin et al., Journ. Atmos. Sol.-Terr. Phys. 2005.

Gousheva et al., Nat.Haz.Earth Syst.Sci., 2008.

Gousheva et al., Nat.Haz.Earth Syst.Sci., 2009.

• DC electric field on the Earth surface in epicenter area does not
exceed the background value ~100 V/m.

Vershinin et al., Atm. Ionosp. Elect.-Magn. Phenom., 1999

• VHF radiation is generated at the altitudes 1 – 10 km in the
atmosphere over the epicenter of Eqs.

Ruzhin et al., Geophysical Res, 1999.



Permanent monitoring of the electromagnetic VHF radiation for three-

year period in Greece shows that the generation region is located at 

altitudes (1 – 10) km in the atmosphere above the epicenter of an 

EQ area.

The radiation is observed during several days before an EQ. 

Enhancement of the DC electric field up to the value of the order of 10 

mV/m in the ionosphere is observed by the satellite during the same 

period. 

The occurrence of such a strong DC electric field in the ionosphere is 

related to the electric current flowing into the atmosphere –

ionosphere circuit.



Basic theoretical results   
The key role in the electrodynamical seismo-ionospheric interaction

belongs to external electric currents in the lower atmosphere.

The external current is excited in a process of vertical atmospheric

convection and gravitational sedimentation of charged aerosols.

Aerosols are injected into the atmosphere due to intensifying soil

gas elevation in the lithosphere during the enhancement of seismic

activity.

Its inclusion into the atmosphere – ionosphere electric circuit results in

DC electric field growth up to 10 mV/m in the ionosphere.
Sorokin V. and Yaschenko A., Adv. Spase. Res., 2000.

Sorokin et al., J. Atmos. Solar-Terr. Phys. 2001.

Sorokin et al., J. Atmos. Solar-Terr. Phys. 2005.

Sorokin et al., Natural Hazards and Earth System Sciences. 2005.

Sorokin et al., Natural Hazards Earth System Sci. 2007.

Sorokin and Chmyrev. Atmosphere–ionosphere electrodynamic coupling. Springer. 2009.



The schema of electrodynamic model of the atmosphere – ionosphere 

coupling

1. Earth surface

2. Conductive layer of the 
ionosphere

3. External electric current in 
the lower atmosphere

4. Conductivity electric 
current in the 
atmosphere –
ionosphere circuit

5. Geomagnetic field -
aligned electric current 
in the ionosphere

6. Satellite trajectory

7. Charged aerosols injected 
into the atmosphere 
by soil gases
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Calculation result of the altitude dependences of external electric 

current and atmospheric conductivity at the epicenter of disturbed 

region at different levels of atmospheric radioactivity. 
Sorokin et al., Natural Hazards Earth System Sci. 2007.

External current is formed as a result of:

• convective transfer of charged aerosols, 

•ionization of lower atmosphere by radioactive sources,

•adhesion of electrons to molecules, 

•interaction of charged ions with charged aerosols



DC electric field related to current in the atmosphere –

ionosphere electric circuit. 
Sorokin et al., J. Atmos. Solar-Terr. Phys. 2005.

1 ( ,0) ( ,0)
( , ) ( ) ( ) 1 ( ) ( ) 1

( )

p z n z
z p p n n

c c

k E r k E r
E r z s z j r s z j r

z E E  

    
         

   

2 2

12 2 2

1 1

1 1 ( ,0) ( ,0)
( , ) ( ) 1 ( ) 1

sin 2

( , ) ( , ) ; ( , ) ( , )

z z
p p n n

P c c

x y

E r E r
x y k j r k j r

x y E E

E x y x y x E x y x y y


 

 

   
       

     

     

The equations for calculation of the horizontal components of electric 

field in the ionosphere have a form:

The vertical component of electric field in the atmosphere – ionosphere 

layer is derived from the equation:



Spatial distributions of DC electric field calculated for axially symmetric 

distribution of the external electric current. 
Sorokin et al., J. Atmos. Solar-Terr. Phys. 2005.

Upper panel:
Horizontal component of 

DC electric field in the 
ionosphere. Angle of 
the magnetic field 
inclination is

Lower panel:
Vertical component of DC 

electric field on the 
ground.
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Calculation result of the spatial electric field distribution in the Earth –

ionosphere layer (in relative units). Electric field can reach the breakdown 

value in the lower atmosphere.   



Generation of VHF radio emissions in the atmosphere

Maxwell equations

0 0

0

,

;

/ ; 0

( , ) ( , )k k km

k m

i i

q

t A t

  





    

   

 

H j E E H

E H

j r j r r

Coordinates used for the calculation of 

characteristics of electromagnetic radiation. 
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Power spectrum of the electromagnetic radiation of discharges, which is observed 

during an interval of time T, is defined by the formula:

Green function 

The frequency spectrum of electric field of radiation  is defined by the power 

spectrum:

Frequency spectrum of the electromagnetic radiation 

generated by random electric discharges. 

( , ) ( , )E P r r



Discharge is the infinitely thin pulse linear current. 
Their spatial temporal distribution is chosen in the form:

The model of distribution of linear current in a discharge is chosen 

in the form:

Iudin and Trakhtengerts, Radiophysics and Quantum Electronics, 2001.   

     ( , ) ,k km k km k kA t t B z z t t s x x y y       r r

   / / ( / ) ( / )( , )
2

t z v t z v t t l v t l vz l l
B z t t e e t e e z

v v

     
                                    

v

is the square of cross-section of discharge.

is the length of discharge. 

is the velocity of current wave in the discharge.

s

l

l



The spectrum of electric field of radiation at a distance from the epicenter of 

disturbed region of the atmosphere

is the mean-square value of linear current amplitudes of 

discharges in the cells, 

is the amplitude of linear current of discharge in the cell with 

number k. 

Spatial distribution of the probability density of discharges.
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Calculation result of the spectrum of electromagnetic radiation at 

distance 300 km from the epicenter of disturbed area. 

Radiation is formed by random discharges in the disk-like region. This 

region has radius 40 km and thickness 1 km. The centre of region is located 

at the altitude 6 km in the atmosphere. The vertical sections of line are 

denoted the experimental data. 



Calculation result of the spatial distribution of amplitude of the 

electromagnetic radiation at a frequency 50 MHz.

Radiation is formed by random discharges in the disk-like region. The centre of 

region is located at the altitude 6 km in the atmosphere. 



VHF radiations are found to have occurred for several days before an EQ. Their duration 

reaches several days. If VHF electromagnetic radiation is propagated on the distance 

more than a wave length, the condition of optical propagation is fulfilled. Consequently, it 

is possible to receive the signal at distance of the order of 300 km just in the case if its 

source is located in the atmosphere above Earth’s surface. According to Ruzhin and 

Nomicos (2007) the region of generation of VHF electromagnetic radiation is at the 

altitudes of the order of several kilometers above EQ epicenters located behind the 

horizon. 



The pre-seismic VHF signals for the November 21, 1992 EQ (M = 6.0). 

The output voltage of the receivers presented is given on the vertical 

axis. Full scale is 2000 mV. N, I, H and D represent the observing 

stations of Nipos, Ierapetra, Heraklio and Drapania, respectively, 

forming Crete monitoring station.
Ruzhin and Nomicos, Nat. Hazards. 2007



Conclusion

DC electric field of conducting current flowing between the atmosphere and 
ionosphere can reach the breakdown value in the lower atmosphere over 
seismic area.

The current source is an electromotive force in the ground-air layer caused by 
vertical transport and gravitational fall-out of charged aerosols injected by 
soil gases in the atmosphere during seismic activity. 

Existence of such electric field in the atmosphere – ionosphere electric circuit 
is confirmed by satellite data obtained above seismic region. 

The region in which electric field reaches breakdown value is located at the 
altitudes from 1 to 10 km.

Electric field forms the random electric discharges in this region of the 
atmosphere which are the source of VHF electromagnetic radiation. 

Frequency spectrum of electromagnetic radiation in VHF diapason has the 
value                                 . 

Calculation results of the characteristics of electromagnetic radiation are 
convincingly confirmed by the ground-based observation data. 

8(5 15) 10 V m Hz 



INVESTIGATION OF THE ELECTROMAGNETIC 

ANOMALIES INDUCED BY INTERMEDIATE DEPTH 

EARTHQUAKES (M > 4) OCCURRED IN VRANCEA 

ZONE

STANICA DUMITRU AND STANICA DRAGOS ARMAND

Institute of Geodynamics of the Romanian Academy
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Bucharest 
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OUTLINE :

 Seismic active Vrancea zone

1. Intermediate depth EQs

2. Deep geodynamic models and related EQs mechanism 

 Monitoring system of the electromagnetic field:

1. Electromagnetic normalized functions (ENF) – Base theory

2. Pattern recognition and monitoring site selection;

3. Continuous monitoring of the geomagnetic field 

( January-September, 2009) ;  

4. Results :

Pre-seismic perturbation of the Bzn as possible earthquake 

precursors  



Vrancea zone – intermediate depth EQ

Low resistivity
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Annual number of earthquakes of different magnitude from

the RomPlus catalogue (NIEP)



Deep Geodynamic Models and related 

EQs mechanism -Vrancea zone

Wenzel et al., 1998 CRC (Germany)+ RGVE (Romania) groups



DEEP GEODYNAMIC MODELS



DEEP GEODYNAMIC MODELS

Top:

Bottom :

(Sperner et al., 2005)

 (Martin et al., 2006)

 Geodynamic  evolution of plate
 subduction in SE Romania since
 the late Miocene (12 Mil.years ago) 

Tomographic image of the 
subducted slab as high velocity
body viewed  from  SSW
        

        



Deep Geodynamic Model (50-150km) - Vrancea zone 

MT- TOMOGRAFIES - torsion process of the relic slab

Stanica et al., 2004

Descending

Asthenospheric

Currents

We consider that one of the

realistic mechanism for

triggering intermediate depth

seismic events in Vrancea zone

is the torsion process of the

relic slab, due to the

descending asthenospheric

currents and its irregular

shape, generating an increase

shear stress associated with

dehydration of rocks which

makes fluid-assisted faulting

possible.



Electromagnetic Normalized Functions

(ENF)

For 2D structure the vertical magnetic component (Bz) is produced essentially by the perpendicular
magnetic component to the strike (B┴) and their normalized function

Bzn (f) = Bz (f) / B
┴

(f) , (1)

should be time invariant for a given 2D structure in non seismic conditions (Ward et al., 1970) and it 
becomes instable some days before an EQ (Stanica et al, 2006).

We may compute:

ρz(f)=0.2/f  .│E║(f)/Bz(f)│
2,                                   (2)

where f is frequency (Hz) and E║ is electric field parallel to the strike 

Also:

ρ║(f) = 0,2/f .│E║(f)/B┴(f)│2 ,                                 (3)

thus, in terms of resistivity:

│Bzn(f) │= [ρ║(f)/ ρz(f)]
1/2 (4) 

n =  ρ║(f)/ ρz(f)                                              (5)

(Bzn could be linked to variation of the electric conductivity at the different depth levels into the Earth)



2. EM studies for pattern recognition

in order to select  the optimum site of observation

Pattern recognition

Type of the 

geoelectric 

structure (skew) ;

Strike orientation in 

order to determine 

B┴;

Distribution of the 

ENF in non seismic 

conditions 

CECA

Vrancea 

Zone

Induction

Vector

GOPS

NGOS



Geophysical equipment used for establishing the 

geoelectric pattern of the measuring points

• ADU 06 with 5 channels, 24 bits
• Electromagnetic system GMS-06 used for

discrete measurements (ADU 06 with 5
channels, 24 bits; EFP-06 are E-field
sensors; Hx, Hy, Hz are induction coil
magnetometers; laptop-for real time MT
data estimation).

Electric sensor Magnetic sensor (induction coil)

2 frequency ranges:

- HF = 0.5kHz - 24 kHz;

- LF = 10-4 Hz - 1kHz

Hx
Hz

Hy



EM monitoring and pattern recognition 
“MAPROS” – PACKAGES PROGRAM

Real time EM series and MT parameters



“MAPROS” - PACKAGES PROGRAM

Resistivity and phase



“MAPROS” - PACKAGES PROGRAM

Real time display of the resistivity (ρ
║
, ρ

┴
) and phase (φ

║
, φ

┴
)



“MAPROS” - PACKAGES PROGRAM

SKEW  

Skew should be < 0.3 for 2D structure



“MAPROS” - PACKAGES PROGRAM

STRIKE

STRIKE



Data acquisition module for continuous 

monitoring of the Geomagnetic field

MAG-03DAM

acquisition module

6 channel, 24 bit

resolution, sampling

rate programmable,

internal and external

battery of 12 V , data

storage on laptop HD;

Geomagnetic System Configuration

3 axes 

magnetic

sensor

Frequency 

range: 3kH-DC



Time variation of the geomagnetic components B and Bz



RESULTS : Bzn distributions linked to the seismic events

and pre-seismic behavior
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RESULTS : Bzn distribution linked to the seismic events

and pre-seismic behavior

Superposition 

effect

Superposition 

effect Superposition

effect



Bzn distribution linked to the seismic events



16 January - 30 September 2009

y = 0.001x + 3.5345

1.84

1.842

1.844

1.846

1.848

1.85

1.852

1.854

1.856

1.858

1/
16

/2
00

9

1/
26

/2
00

9

2/
5/

20
09

2/
15

/2
00

9

2/
25

/2
00

9

3/
7/

20
09

3/
17

/2
00

9

3/
27

/2
00

9

4/
6/

20
09

4/
16

/2
00

9

4/
26

/2
00

9

5/
6/

20
09

6/
5/

20
09

6/
15

/2
00

9

6/
25

/2
00

9

7/
5/

20
09

7/
15

/2
00

9

7/
25

/2
00

9

8/
4/

20
09

8/
14

/2
00

9

8/
24

/2
00

9

03
.0

9.
20

09

13
.0

9.
20

09

23
.0

9.
20

09

Days

B
zn

3

3.5

4

4.5

5

5.5

6

M
ag

n
it

u
d

e 
E

q

Bzn

Magnitude EQ

Linear (Magnitude EQ)

Pre-seismic

Bzn     

anomaly

EQs energy enhancement



CONCLUSIONS:

• Some days before an EQ the Bzn parameter has a

significant increase due to the lithospheric

conductivity changes produced by fluid migration

through faulting systems developed inside the

Vrancea seismogenic volume and along the

CECA, acting as high sensitive path;

• EQ of M  4 is expected to occur when Bzn 
1.846,

• Bzn  1.851 may be used as pre-seismic value for

an EQ of M  5
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The 1989 Loma Prieta 
Earthquake

• Occurred at 00:04 UT 
Oct. 18, 1989

• Epicenter 37.04° N, 
121.88° W in Santa 
Cruz Mtns. 

• 14 km from Santa Cruz, 
CA

•Ms7.1

•Depth of 18 km

•Widespread damage in 
San Francisco Bay Area



E-W Magnetic Field Data

Corralitos, CA (COR) ULF data (0.01 – 10 Hz) 
• 42.70 N (mag); 7 km from epicenter

• 30-minute spectral-power averages recorded by a 
magnetic-induction coil sensor

• Report of precursor by Fraser-Smith et al., GRL, 
1990 

Kakioka, Japan (KAK) 1-second data 
• 28.90 N (mag); 8,284 km from epicenter

• 30-min average power in same frequency bands as 
Corralitos (up to KAK Nyquist frequency of 0.5 Hz)

USGS Fresno, CA (FRN) 1-minute data
• 43.20 N (mag); 201 km from epicenter

• 30-min average power in band-pass just below the 
frequencies of the first Corralitos index but the 
same bandwidth 



Sep. – Oct. 1989 Data



21 Months of COR



Narrow-band enhancement 
12 Sep. – 5 Oct 1989



Narrow-band enhancement 
12 Sep. – 5 Oct 1989



21 months of COR, KAK, 
and FRN



Correlation and 
Significance of Data Pairs



Our Findings—Loma Prieta

• Noise-level baseline instability long before 
and long after the earthquake (7 Mar. 
1989, 3 Dec. 1989, and 6 June 1990).

• 6 June instability continued until an 
amplifier was finally replaced on 10 July 
1990.

• None of these noise-level shifts were 
accompanied by significant changes in the 
calibration (CAL) index. 



• COR, KAK, and FRN begin to correlate well 
after 10 July 1990 amplifier replacement

• Amplifier malfunction could account for 
anomalous magnetic activity detected 
prior to the Loma Prieta earthquake .

• We conclude that the reported anomalous 
magnetic noise identified by Fraser-Smith 
et al. is not related to the Loma Prieta 
earthquake but is an artifact of sensor-
system malfunction. 

Our Findings—Loma Prieta



The 1993 Guam Earthquake

A Mw 7.7 earthquake 59 km beneath Guam on 
8 August 1999 that injured 48 people and 
caused more than $100 million of damage

Hayakawa et al. (1996) and Miyahara et al. 
(1999) reported:

1.  An increase in magnetic field polarization 
(Z/H) in the ULF band (0.01-0.05 Hz) for four 
months before the earthquake perhaps 
indicating changes in electrical conductivity 
of the crust beneath Guam.

2. Spikes and offsets in the vertical magnetic 
field data (Z) during the 12 days before the 
earthquake.



Reproducibility Check

We check this prediction by comparing:

a) these same 1-second Z and H data (GAM) 
used by Hayakawa et al. (1996) and Miyahara 
et al. (1999) with data from the Kakioka 
magnetic observatory (KAK) for all of 1993. 

b) these same data with 3-hour global activity 
index data Kp.

c) these same data with instrument operation 
log  books recorded at the GAM magnetic 
observatory. 



Vertical (Z) and 
Horizontal (H) Data



Polarization (Z/H) Data



Spikes and Offsets in Data



Our Findings-Guam

a)  Signal in GAM Z/H data reported by 
Hayakawa et al. and Miyahara et al. is also 
apparent in the KAK data and is likely part of 
an annual cycle in geomagnetic activity.

b) The precursory signal in the GAM data can be 
removed if the entire year of data from KAK 
is used to eliminate the annual cycle. 

The least-square fit of KAK to GAM follows the 
form: GAMlsq = 0.26 x KAK + 0.06



Our Findings-Guam

c) Spikes and offsets in the GAM vertical 
component (Z) data occur throughout the 
GAM record in 1993. 

Daily records of these disturbances indicate that 
they are caused by electric currents applied 
by the U.S. Air Force to nearby pipelines in 
order to prevent corrosion.



More details

Thomas, J. N., J. J. Love, and M. J. S. Johnston, On the 
reported magnetic precursor of the 1989 Loma Prieta 
earthquake, Physics of the Earth and Planetary 
Interiors, vol. 173, pp.207-215, 
doi:10.1016/j.pepi.2008.11.014, 2009.

Thomas, J. N., J. J. Love, M. J. S. Johnston, and K. Yumoto, 
On the reported magnetic precursor of the 1993 
Guam earthquake, Geophys. Res. Lett., 36, L16301, 
doi:10.1029/2009GL039020, 2009. 

Download at 
http://earthweb.ess.washington.edu/lnk/jnt/
JNThomas_Publications.html



Electromagnetic Radiation 

Generated by Lightning at 

Erupting Volcanoes

Ronald Thomas, Sonja Behnke, 
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Volcanoes and Lightning

• Lightning often seen and photographed during 

eruptions.

• Our observations indicates that lightning occurs more 

often than reported, as it is easily obscured by weather 

or the plume. 

• Why is there lightning?

• How is it like and different from thunderstorm 

lightning?

• What does the lightning say about the eruption?



Iceland April 2010

Eyjafjallajokull



Iceland April 2010

Harald Edens

Eyjafjallajokull



The Lightning Mapping Array

LMA

• A set of instruments that locates and maps 

lightning flashes in 3-D using VHF radio 

emissions emitted by lightning.

• Used to Study hundreds of thunderstorms

• Used to study the eruption of 4 volcanoes.

• Time of arrival system.



impulsive lightning event

at (x, y, z; t)

Time-of-Arrival Concept:

x
y

z

Measure ti at 4 or more stations with 50 ns accuracy

Solve for x, y, z, t (4 unknowns)

c2(ti-t)
2=(xi-x)2+(yi-y)2+(zi-z)2

ith station xi, yi, zi   signal 

arrives at time ti



2009 Redoubt Volcano Alaska



2009 Redoubt Volcano Alaska



Height vs Time

Plan View

Height vs E-W

Height vs N-S

Example of Highly Dendritic Negative CG flash

3-D Lightning data from a thunderstorm



Iceland May 2010    3-D lightning locations

Height vs E-W

Plan View

Height vs Time

Height vs N-S



Iceland May 2010    3-D lightning locations

Plan View

Height vs Time

Height vs N-S

Height vs E-W



Broadband electromagnetic radiation 

from lightning

• This lightning lasted about 1/4 sec

• It is made up of many short pulses



Zoom in on lightning RF to a 

0.03 second sample

• There are many impulses

• These give a broadband of radiation from  

kHz to hundreds of MHz (VLF to UHF).



Zoom to a 1 ms sample

• Short pluses give higher frequency VHF, emitted 

as the lightning channels form.

• Slower pluses and low frequencies, VLF and LF, 

are associated with larger scale processes such 

as return strokes to ground. 



Zooming to a 75 s sample

• These are the initial impluses of this 

lightning.



Received VHF power, dBm (log scale)

The LMA finds and correlates the peaks at each station



To locate and identify lightning we record the 

time of peak in each 10 s interval



Volcanic Lightning
Two Lightning Phases

Three types of discharges

• Explosive phase discharges – Two type of 
discharges.

– Almost continuous small discharges.

– At or very close to the mouth of the volcano.

– Positive charged particles generated in explosion

– Embedded upward lightning strokes

• Plume lightning

– Similar to thunderstorm lightning

– Complex, many branches

– Continues as the cloud drifts away

– Charge generation and separation needed 



Many small discharges from the cone into the hot ejecta

Sparks are several 100 m in length

Detection of these 

discharges indicate that an 

explosive eruption is 

occurring



Small lightning strokes embedded in the ejecta

Begin at the cone and move upward – no return stroke

About 1 to 6 km high



Intracloud lightning inside the plume cloud

Horizontally extensive lightning goes between charge layers

Locating and tracking plume lightning 

can give the altitude and direction of ash 

dispersal for aircraft warnings



Summary

• Explosive eruptions with ash generate lightning

• LF emissions can be detected world wide, but 

locate only a small fraction of the lightning.

• VHF emissions can be detected at distances of 

more than 100 km.  A line-of-sight view is 

required, but clouds and ash don’t block the 

radiation

• VHF emissions can give position and altitude.



Harald Edens
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Integration of independent TIR satellite 

observations at the time of l’Aquila (Abruzzo) 

April 6th 2009 earthquake: lesson learned and 

perspectives

V. Tramutoli 

R. Corrado, N. Genzano, M. Lisi, G. Mazzeo 
DIFA,University of  Basilicata, Potenza, Italy

I.Coviello, C. Filizzola,  T. Lacava, R. Paciello, N. Pergola
IMAA-CNR, Tito, Italy
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2

TIR signal and noise

surface

atmosphere

Satellite 

TIR 

signal TIR signal is 

strongly variable 

depending  on the 

observation time t

and  place r.



a) to “clean” TIR SIGNAL from NOISE
taking into account effects due to natural conditions of surface (T, RHU, 

elevation, etc.) and  atmosphere (T, RHU, chemistry, etc.) and

observational (view angle, spatial resolution, time of day, season, etc.) 

strongly variable depending  on the observation  time t and  place r.

b) to act on residuals to correctly (by a clear and 
reproducible way) define the “thermal anomaly” 
concept 

Data Analysis:

The minimum requirements

(finally quite common) 

c) to perform preliminary tests to verify if 

significant anomalies are present (absent) in   

presence (absence) of earthquakes



Data Analysis : The RAT ( ) approach
(Robust AVHRR Techniques, (V.Tramutoli, 1998)

• Robust definition of signal anomaly based on the 

multi- temporal analysis of long-term historical satellite  records

• Validation/Confutation procedure t
12

5
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y x
   

,
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rr
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ALICE  (Absolutely Llocal Index of Change of  the  Environment)



Data Analysis: Learning

TIR Anomaly Monitoring by RAT and the

Robust Estimator of TIR Anomalies (RETIRA) index

Different TIR-based variable V(r,t)     Different RETIRA indexes

a) Simply TIR radiances at the sensor: 

V(r,t) = TIR (r,t)

b) LST products taking into account of variable atmospheric 

conditions and satellite angles of view: 

V(r,t) = LST (r,t)

c) Spatial excesses ( LST and TIR)   computed in place as differences  

between the punctual value V(r,t)  and  spatial average in order to reduce 

year-to-year and seasonal drift effects:

V(r,t) = LST= LST (r,t) - < LST (r) >   

V(r,t) = TIR=TIR (r,t) - < TIR (r) >
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TIR Anomaly Monitoring by RST

HIGH  (5.7 – 7.7) MAGNITUDE  EQs

Robust Satellite Techniques (RST)

EVENT TECHNIQUE

23 November  1980,  Irpinia-Basilicata-Italy, Ms=6.9 AVHRR TIR

(Tramutoli et al., Annals of Geophysics, 2001)

23 November  1980,  Irpinia-Basilicata-Italy, Ms=6.9 AVHRR LST 

(Di Bello et al., Annals of Geophysics, 2004)

26 September 1997, Umbria, Italy   Ms=5.9 to 6.4 METEOSAT TIR

(Aliano et al., Annals of Geophysics,2008))

3-7-12-14 October 1997, Umbria, Italy   Ms=5.7 max METEOSAT TIR

(Aliano et al., Annals of Geophysics, 2008))

17 August 1999, Kocaeli-Izmit, Turkey, Ms=7,4 METEOSAT TIR

(Aliano et al., Annals of Geophysics, 2008)

17 August 1999, Kocaeli-Izmit, Turkey, Ms=7,4 METEOSAT TIR

(Tramutoli et al., Resmote Sensing of Env., 2005)

7 September 1999 Athens Ms=5.9 AVHRR LST

(Filizzola et al., Phys. Chem. Earth, 2004)

7 September 1999 Athens Ms=5.9 METEOSAT TIR

(Filizzola et al., Phys. Chem. Earth, 2004)

16 October 1999, Hector Mine, CA, Ms=7,4 GOES TIR

(Aliano et al., Annals of Geophysics, 2008)

21 May 2003 Zemmouri, Algery  Ms=6.9 METEOSAT TIR

(Aliano et al., IEEE, Multi-Temp, 2007)

26 January 2001 Gujarat, India  Ms=7.7 METEOSAT TIR

(Genzano et al., Tectonophysics, 2006)

23 October 1992 Mestia Tianeti, Georgia  Ms=6.3 METEOSAT TIR

(Genzano et al., IEEE, Multi-Temp, 2009) 

6 April 2009 Abruzzo, Italy Ml=5.8 MSG/SEVIRI, NOAA/AVHRR, EOS/MODIS – TIR

(Genzano et al 2009, Lisi et al 2010, Pergola et al 2010; NHESS)

in th 

poster 

session
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RST analysis over Italy at the time of 

Abruzzo earthquake (April 6th 2009, Mw~6.3)

Used satellite TIR data:

Robust Satellite Techniques (RST) for Seismic Areas Monitoring

Satellite/Sensor
Channel Number 

(Wavelength-μm)

Used data-sets

Years Months Time

MSG/SEVIRI
(Genzano et al., 2009 - NHESS)

9 (9.80-11.80) 2005-2009 March-April 24:00 GMT

EOS/MODIS
(Pergola et al., 2010 - NHESS)

31 (10.78-11.28) 2000-2009 March-April 24:00-02:00 GMT

NOAA/AVHRR
(Lisi et al., 2010 - NHESS)

4 (10.50-11.50) 1995-2009 March-April 24:00-02:00 GMT

Historical data-set of 30 years
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VALIDATION (March 15th–April 15th 2009)

clouds

no data

Tectonic lineaments

RETIRA ≥ 3 

RETIRA ≥ 3,5 

RETIRA ≥ 4

MSG/SEVIRI scenes at 00:00 GMT

EQs with ML≥3,5 during March-April 

2009 (source INGV 2009)

V.Tramutoli__ EMSEV 2010 ___Chapman University, Orange, CA, USA ___(valerio.tramutoli@unibas.it)
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significant TIR anomalies

natural outliers (local warming due to night-time cloud passages)

observational outliers (errors in image navigation/co-location process)

... space–time persistence analysis (Filizzola et al., 2004, Aliano et al., 2008)

V.Tramutoli__ EMSEV 2010 ___Chapman University, Orange, CA, USA ___(valerio.tramutoli@unibas.it)
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... space–time persistence analysis         cold spatial average effect

V.Tramutoli__ EMSEV 2010 ___Chapman University, Orange, CA, USA ___(valerio.tramutoli@unibas.it)

29 March 2009  AVHRR at 00:37:27 GMT

29 March 2009 SEVIRI at 00:00:00 GMT

29 March 2009 MODIS at 00:25:00 GTM

Percentage of pixel over the scene which are

-cloudy or not suitable for computation (no data)                 -anomalous pixel over clear only

MSG/SEVIRI

NOAA/AVHRR

EOS/MODIS

MSG/SEVIRI

NOAA/AVHRR

EOS/MODIS



C di Metodologie N R - Istituto per l’i Analisi AmbientaleUniversità degli Studi della Basilicata

VALIDATION (Piendimont TIR anomalies sequence)

no data

Tectonic lineaments

RETIRA ≥ 2 

RETIRA ≥ 2,5 

RETIRA ≥ 3 

RETIRA ≥ 3,5 

RETIRA ≥ 4

clouds

Bra earthquake 

(19 April 09, ML 3,9) 

V.Tramutoli__ EMSEV 2010 ___Chapman University, Orange, CA, USA ___(valerio.tramutoli@unibas.it)



C di Metodologie N R - Istituto per l’i Analisi AmbientaleUniversità degli Studi della Basilicata

VALIDATION (Padana plain TIR anomalies sequence)

Forlì earthquake 

(5 April 09, ML 4,6) 

no data

Tectonic lineaments

RETIRA ≥ 2 

RETIRA ≥ 2,5 

RETIRA ≥ 3 

RETIRA ≥ 3,5 

RETIRA ≥ 4

clouds

V.Tramutoli__ EMSEV 2010 ___Chapman University, Orange, CA, USA ___(valerio.tramutoli@unibas.it)
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VALIDATION (Abruzzo TIR anomalies sequence)

RETIRA ≥ 4

clouds

no data

Tectonic 

lineaments

RETIRA ≥ 2 

RETIRA ≥ 2,5 

RETIRA ≥ 3 

RETIRA ≥ 3,5 
Number of EQ occurred in Abruzzo’s 

region since January 1 up to April 6, 

2009 (source INGV 2009)

Abruzzo earthquakes 

(6 April 2009, ML~5.8)

V.Tramutoli__ EMSEV 2010 ___Chapman University, Orange, CA, USA ___(valerio.tramutoli@unibas.it)
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CONFUTATION (March 15th–April 15th 2008)
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15 March 2008 16 March 2008 17 March 2008 19 March 200818 March 2008

20 March 2008 21 March 2008 22 March 2008 23 March 2008 24 March 2008

25 March 2008 26 March 2008 27 March 2008 28 March 2008 29 March 2008 30 March 2008 31 March 2008

1 April 2008 3 April 20082 April 2008 4 April 2008 5 April 2008 7 April 20086 April 2008

-

15 March 2008 16 March 2008 17 March 2008 19 March 200818 March 2008

20 March 2008 21 March 2008 22 March 2008 23 March 2008 24 March 2008

25 March 2008 26 March 2008 27 March 2008 28 March 2008 29 March 2008 30 March 2008 31 March 2008

1 April 2008 3 April 20082 April 2008 4 April 2008 5 April 2008 7 April 20086 April 2008

Seismic events (Ml>4) occurred during 

March –April 2008 (INGV2009)

clouds no dataRETIRA ≥ 4

16 March 2008 17 March 2008

19 March 200818 March 2008

CONFUTATION (March 15th–April 15th 2008)

MSG/SEVIRI at 00:00 GMT
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Independent observations at the time of 

Abruzzo April 6th 2009 earthquake

see also NHESS,9, 2009 special issue
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Independent observations at the time of Abruzzo April 6th 2009 EQ

Ground deformations from CGPS
Caporali, 2009
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Independent observations at the time of Abruzzo April 6th 2009 EQ

Ground 

deformations 

from CGPS
Caporali, 2009

Ground deformation before the 

March 30, 2009. It was no more 

present before (but only after) 

the main shock  of April 6. 

If assumed as precursor it  

seems to be not proportional or 

not related to EQ magnitude in 

a too simple way
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Independent observations at the time of Abruzzo April 6th 2009 EQ

VLF radio signals anomalies

Rozhnoi et al., 

2009, (NHESS, 9) 

VLF radio signals
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Independent observations at the time of Abruzzo April 6th 2009 EQ

Anomalies in 

VLF radio 

signals

Rozhnoi et al., 2009
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Martinelli, 2009, 

Independent observations at the time of Abruzzo April 6th 2009 EQ

Ground-waters geo-chemical data
(CO2 fluxes at San Faustino site)
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Bonfanti et al., 2010

Independent observations at the time of Abruzzo April 6th 2009 EQ

Ground-waters geo-chemical data 
(CO2 fluxes at San Faustino site, residuals after meteorological effects removal)
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Independent observations at the time of Abruzzo April 6th 2009 EQ

Uranium groundwater anomalies
Plastino et al 2010



Seismological observation (Vp/Vs) 

(Lucente et al, AGU 2009)

01 April 2009 

00:57:47 GTM
31 March 2009 

01:14:56 GTM
30 March 2009 

01:10:00 GTM

31 March 2009

01:57:31 GMT

30 March 2009

00:22:57 GMT
01 April 2009

01:46:49 GMT

30 March 2009 

00:00:00 GMT
31 March 2009 

00:00:00 GMT

01 April 2009

00:00:00 GMT

SEVIRI SEVIRI SEVIRI

MODIS MODIS MODIS

AVHRR AVHRR AVHRR

TIR anomalies 

Independent observations at the time of Abruzzo April 6th 2009 EQ

25

Vp/Vs observations have been justified by a 

progressive emptying of a huge gas reservoir 

triggered by the event of March 31st. Such an 

hypothesis perfectly fits with models correlating 

TIR anomalies with abrupt increasing of green-

houses gases emissions. 
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Independent observations at the time of Abruzzo April 6th 2009 EQ

RST - SEVIRI TIR anomalies

RST – MODIS TIR anomalies

RST - AVHRR TIR anomalies

TIR anomalies

VLF radio anomalies

VLF radio anomalies

Rozhnoi et al 2009

Ground 

deformations 

from CGPS
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1. even in presence of 

several months long 

seismic crisis quite all 

the observational 

efforts during Abruzzo 

EQ crisis appear 

concentrated in co-

post seismic phases. 

The (never demonstrated) statement:

“EQs have no precursors at all” 
is not without consequences (at least) on science progress.

Dolce et al., 2009 (Workshop CHIETI)  

Since April 7 15 new 

accelerometric stations 

installed
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2. no plans  for 

real-time 

analysis even 

of traditional 

(well 

accepted) 

seismological 

data. 

The (never demonstrated) statement:

“EQs have no precursors at all” 
is not without consequences (at least) on science progress.

Number of EQ occurred in Abruzzo’s region since 

January 1 up to April 6, 2009 (source INGV 2009)

3
0

/3
/0

9
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3. no plans  for 

real-time 

collection, 

updating and 

comparison of  

independent 

observations

The (never demonstrated) statement:

“EQs have no precursors at all” 
is not without consequences (at least) on science progress.

Number of EQ occurred in 

Abruzzo’s region since 

January 1 up to April 6, 

2009 (source INGV 2009)

Vp/Vs observations 

showing abrupt 

change in deep fluids 

dynamics.
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2 questions for us

• was l’Aquila a truly  lost (but not last) occasion for collecting 

and  integrating independent  observations possibly suitable 

for a short-term prediction of main shock occurrence ?

• why, despite the evident failure of (probabilistic) aftershock 

forecast methods in supporting decision makers and (on the 

opposite) so many coincident  indications of pre-seismic 

anomalies, surprisingly only the first ones were supported at 

national (Jordan’s Commission) and international (last FP7-

ENV call) level ?
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Conclusions ?

• a very preliminary integration of (some) of the 

observations independently made at the time of 

Abruzzo EQ clearly shows coincidence (at least) 

which merit to be considered more in depth.

• the usefulness of continuously monitoring different 

selected parameters is quite evident as well the 

need for their intensification not only AFTER major 

events but also during seismic crisis  

independently from whatever EQ prediction or      

forecast intention.
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Can earthquakes be predicted?

This is what society wants to know, yet most

of us think this question is not properly posed.

But declaring earthquakes to be

“unpredictable” does a disservice to the state

of our science and, quite frankly, doesn’t do

the public any good.

Lerner-Lam (1997)
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direct measurements of CO2 and CH4 

from satellite sensors like:

Next Future (physical models)

Robust Satellite Techniques (RST) for Seismic Areas Monitoring

IMG
(Interferometric Monitor for Greenhouse gases)

AIRS
(Atmospheric InfraRed Sounder)

IASI

(Infrared Atmospheric Sounding Interferometer)
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LADSAT-DIFA University 
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Giuseppe Mazzeo
LADSAT-DIFA University 
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LADSAT-DIFA University 
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Open issues: physical models

SOURCE of

CO2 and/or CH4   

Increasing Surface Temperature

Increasing

RTIR SIGNALVIS
wind

TIR

Expected atmospheric spectral radiance excesses (BT in K) at ground in presence 

of different CO2 concentrations
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Aliano et al. 2008



38

Physical models: CO2

CO2 - lake

CO2 - river
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CO2 - lake

CO2 - river

Physical models: CO2
Bhuj-Gujarat (India), Ms= 7.9, 26 gennaio 2001  (Genzano et al.; Tectonophysics, 2007)

25 January2001

26 January 2001

27h January2001

28 January 2001

25 June1996 (4 days before EQ)
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more than 220 mud  volcanoes, CH4 emission: 100-1000 ton/km2 per year (Etiope, 2003) 

Physical models: CH4
Mud Volcanoes in Azerbaijan as controled sources of methane

STREGEOS  

Panhai, Aliev, Guliev, Martinelli at Mefite, August 2006
NATO 

PROGRAMME

SECURITY THROUGH

SCIENCE
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No data (nuvole)

indice RETIRA ≥ 3

indice RETIRA ≥ 2

indice RETIRA ≥ 2.5

22/5/95

23/5/95

Bozdagh volcano eruption 

May 1995

Physical models: CH4
Mud Volcanoes in Azerbaijan as controled sources of methane

Aliano et al.; IEEE, 2008
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26 January 2001

22/5/95

Physical models

CO2

CH4

H2Ovap

CH4

Earth

quake

Clouds



Seismological observation (Vp/Vs) 

(Lucente et al, AGU 2009)

01 April 2009 

00:57:47 GTM
31 March 2009 

01:14:56 GTM
30 March 2009 

01:10:00 GTM

31 March 2009

01:57:31 GMT

30 March 2009

00:22:57 GMT
01 April 2009

01:46:49 GMT

30 March 2009 

00:00:00 GMT
31 March 2009 

00:00:00 GMT

01 April 2009

00:00:00 GMT

SEVIRI SEVIRI SEVIRI

MODIS MODIS MODIS

AVHRR AVHRR AVHRR

TIR anomalies 

Independent observations at the time of Abruzzo April 6th 2009 EQ

43
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Thermal trapping by clouds
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5/5/1995

No data (nuvole)

indice RETIRA ≥ 3

indice RETIRA ≥ 2

indice RETIRA ≥ 2.5

Thermal trapping by clouds
Azerbaijan, monitoring Bozdagh mud-volcano eruption in May 1995
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Observations of Magnetic Signals inObservations of Magnetic Signals in  
Underground Research Laboratoriesg

Joseph S.Y. Wang  &  Georges Waysand
LBNL LSBBLBNL LSBB

Berkeley, CA Apt, France

EMSEV O CA O b 4 6 2010EMSEV, Orange, CA, October 4-6, 2010



OutlineOutline

• AGU NH Session on Correlations and CouplingAGU NH Session on Correlations and Coupling
• LSBB [SQUID]2 Detections of 

2009 Gulf de Lyon Lighting Events (regional)2009 Gulf de Lyon Lighting Events (regional)
2010 Sichuan Earthquake (global)

2010 D RA M ti d DUSEL Pl i• 2010 DuRA Meeting and DUSEL Planning
• Worldwide Underground SQUID Network 

Discussion



Please join us at 2010 AGU NH Session on 
Correlation and Coupling fromCorrelation and Coupling from 

Underground, Atmosphere to Ionosphere



Video of Golfe du Lion SpritesVideo of Golfe du Lion Sprites

thtp://www.insu.cnrs.fr/a3232,sylphes-gigantesques-observes-depuis-pic-midi.html



http://www.google.com/imgres?imgurl=http://www.windows2universe.org/earth/Atmospher
sOLjM:&tbnh=86&tbnw=140&prev=/images%3Fq%3Dmesosphere&zoom=1&q=mesosph





Soula, van der Velde, Montanya, Farges, Bor, Fullekrug, Waysand, 
EGU General Assembly, held 2-7 May, 2010 in Vienna, Austria, p.146942010



SQUID: Detection of Lightings (Sprite or Transient 

Luminous Events TLEs) in Golfe du Lion, 9/2/2009

Waysand, Pozzo di Borge, Soula, Pyee, Marfaing, Yeldin, Blancon, Barroy, 
Cavaillou, i-DUST, Apt, 6/10/2010 http://lsbb.oca.eu/IMG/pdf/Waysand.pdf



Azimuthal Analysis of [SQUID]2 for 9 TLEs Detected 
150 k t LSBB (l i d d l b)150 km away at LSBB (low noise underground lab)



Sichuan Quake MAY 12, 2008, [SQUID] 2 unfiltered signals

-60mn-60mn
500km500km

-30mn-30mn
450km450km

-10mn-10mn
550km550km

  

http://lsbb.oca.eu   - Universitˇ de Nice-Sophia- Antipolis-  Observatoire de la C ™te dÕAzur

60 minutes ago 
Baoji, 500km from epicente 

30 minutes ago 
Tian-Shui, 450km from epicente 

10 minutes ago Mei-Xian, 550km 
from epicenter 





[SQUID]2: Superconducting QUantum 
Interferometer Device, Shielding QUalified for
Ionosphere Detection 

• Observe 3-D magnetic jumps induced by lightings hundreds of kilometers 
away (regionally), and 

• major earthquakes thousands of kilometers away (globally),
• at low frequencies, with high frequency noises filtered. 

DUSEL station is en isioned to net ork ith France and Japan stations• DUSEL station is envisioned to network with France and Japan stations 
for triangulating major natural hazardous events.

• Contribute to fundamental understanding of coupling between 
electromagnetic forces and mechanical (seismic) excitations: from 
underground to ionosphere.g

SQUID intrinsic noise:
3 femto-tesla/Hz½

(reached above 600 Hz)(reached above 600 Hz)

SQUID@LSBB noise:
1 pico-tesla/Hz½1 pico-tesla/Hz
500m overburden & 
capsule shielding reduce 

i b 200 f ldnoise by 200-fold

- Waysand et al. 2009 EPJ AP



2007 NSF Proposed Design http://www.dusel.org/



D.Elsworth, DuRA, Chicago, 
9/3/2010, #39 of 41, http://www.dusel.org/workshops/fallworkshop10/index.htm



microGravity: 
• Detect 1 cm changes of water levels vertically (1D gravitationally) and 

continuously in time (with superconducting gravimeters SGs), and 
• Spatially from underground surface to satellite measurements periodically• Spatially from underground, surface, to satellite measurements periodically. 
• Determine if active flow paths are sparse vs. smooth conning during 

dewatering (monitoring of mass changes in minutes to years).

SG accuracy
~0.3-0.5 μGal/Hz½

1 μGal  
~ 1 inch of water

0.15

0.20
normal modes - 3 SG stations

Sumatra 04 earthquake

0S3 test signal
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Wilson CR, Wu H, Longuevergne L,

frequency (mHz)
0.2 0.4 0.6 0.8 1.0

0.00

0.05

1S1?

0 40 2Wilson CR, Wu H, Longuevergne L, 
Scanlon B, Sharp J, 2010, The 
Superconducting Gravimeter as a 
Field Instrument applied to 
hydrology, in International 
Association of Geodesy Symposium 
Volume IAG2009, Springer (in press).



HPPP (high-Pulse Poroelasticity Protocol): 
• Quantify the potential for induced rock deformations by fluid 

pressure (pulses and step changes) elastically or permanently 
(increased permeability and enhanced compliance).( p y p )

• at different locations, rocks, stresses, at broad band frequencies. 

Deformation frequency, acceleration (induced seismicity),
Pressure, Hydraulic frequency: 

3D Deformation
by Bragg gratings
Fiber Optics







Worldwide Underground Magnetometer 
SQUID N kSQUID Network

• LSBB [SQUID]2 detected lighting eventsLSBB [SQUID] detected lighting events 
regionally and major earthquake globally

• Hosokura underground mine has a SQUID• Hosokura underground mine has a SQUID 
(Kamioka has superconducting gravimeters)
DUSEL?• DUSEL?

• South Africa?
• Network of multiple SQUID’s for correlating 

signals from major Earth events?g j



Major Earthquakes:

• seismically detected 
globally

l t ti ll• electromagnetically
in Europe, Asia, (Africa)
How about at DUSEL 
to globally collreate g y
(triangulate in second 
order)?

• for lithosphere to• for lithosphere to 
ionosphere coupling 
(fundamental study on 
both pre- and post-EQ 
signals, forecasting and 
control? A Deep 
Science question!))



SupplementsSupplements



Earth Vibrations after Majer EQs

Camp  Rivera , Belgium  Membach GWR C021 SG Grevest Modes <1mHz (>1000s), 2010
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Signal recorded by DEMETER satellite 

over active volcanoes during the period 

August 2004 – December 2007

J. Zlotnicki1, F. Li1,  M. Parrot2

1: CNRS  OPGC-UMR6524-UBP, France.   Email: jacques.zlotnicki@opgc.univ-bpclermont.fr
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2: Laboratoire de Physique et Chimie de l’Environnement, CNRS, Orléans, France

Support: CNES

EMSEV 2010 Santa Ana, USA

In press: Geophys. Journ. Int.
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EM monitoring on Volcanoes

• More than 1500 volcanoes can enter into eruption; less than 10% are 

accurately monitored by ground real time networks

• On the ground, numbers of magnetic, electric and electromagnetic (EM) signals 

are observed before and during volcanic crises

• Few researches are dedicated to satellite electromagnetic observations above     

volcanoes 

Question:

Do we observe EM anomalies in the ionosphere related to volcanic activity?

• Since 2004, Demeter satellite covers 14 orbits/day over seismic and volcanic 

regions. Several  parameters arerecorded:

• Magnetic (ISMC) and electric (ICE) fields

• Electronic density and temperature (ISL) 

• Ionic density and temperature (IAP)



3

Database

► Information on volcanic activity is given by  the Smithsonian’s Global Volcanism 
program (http://www.volcano.si.edu/)

 VEI (volcanic explosivity index) ≥ 1 (scale of 5)

 Explosive eruptions

► Sequence and location of volcanoes

 Latitudes:  -50°S to +50°N

 Period: August 2004 to December 2007

► We consider Demeter orbits whose distance between the footprint of the satellite 
and the eruptive center is :

 < 500 km for VEI < 3

 < 900 km for the events with VEI ≥ 3 Distance

Ground

Demeter

http://www.volcano.si.edu/


74 eruptions on 50 volcanoes fill the database requirements

Aug. 2004 - Dec. 2007
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Analyses

► Study I: Data within [-15 to +15] & [-30 to +15] days around the eruption are 
analyzed from August 2004 to December 2007 (3.5 years)

In total, more than 6600 (downwards and upwards) orbits have been processed

Is there any anomaly in these time windows ?

What kind of anomaly is recorded, if any ?

► Study II: Anomalous signals over 3 volcanoes (Lopevi, Aoba, and Ambrym) 

are investigated from September 27, 2004 to December 31, 2006,
for a distance less than 500 km
During this period, the 3 volcanoes were successively active

Day to day analysis was achieved, corresponding to 

the complete examination of 1750 orbits

How are distributed the anomalies with time ?



• Lascar   (23.37°S , 67.73°W) ;  Eruption: May/4/2005,  VEI=3

6

Geographical position between the orbit 

4344-1 and the eruptive center

Lascar

Lascar volcano: Type 1

day

Conjugate 

magnetic 

point

Distance

threshold
night

Distance

Ground

Demeter

Study I

Apr. 27
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Lascar location

Magnetic

conjugate point

Lascar

7 days before

ICE

IMSC

ISL density

ISL-Te

IAP(plasma)
Ionic density

Tions

<~300 Hz

?

?

~200 km

~800 km

Type 1

13 mn

Eruption: May 4, 2005,  VEI=3

Above the volcano, disturbances 

are observed on the :

- Electric field

- Electronic density

- Plasma density and temp.

Electrostatic
turbulence



8

Geographical position between the orbit 12583-0 and the eruptive center

Pagan volcano: Type 2

• Pagan   (18.13°N , 145.8°E) ; Eruption: Dec./04/2006,  VEI=1

Pagan

Nov. 8
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Pagan

26 days before

Pagan location

Type 2

Dec. 04, 2006,  VEI=1

Above the volcano, sferics

may appear.

They can be observed on the

magnetic and electric fields

No noticeable changes of the

other parameters emerge.

Electrostatic

discharges
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Geographical position between the orbit 4513-0 and the eruptive center

Fernandina volcano: Type 3

• Fernandina   (0.37°S , 268.45°E) ; Eruption: May/13/2005,  VEI=2

Fernandina

May 8
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Fernandina

5 days before

Unknown phenomenon 

has been recognized:

No change of other 

parameters has been 

recognized yet

ICE

IMSC

Fernandina 

location

Type 3

Eruption May 13, 2005,  VEI=2



OBSERVATIONS: September 2004- December 2007
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• 74 eruptions have occurred on 50 

volcanoes

• Anomalies were observed 

before/during 30 eruptions (41%)

• 48 anomalies were recognized 

before/during these 30 eruptions 

(with the specific criteria, [-30 d, 15 d])

• 69% of anomalies before the 

eruptions [-15,+15] days

• 81% of anomalies before the 

eruptions [-30,+15] days

• Three types of anomalies were 

recognized (type 1: 46%, type 2: 46%, 

type 3: 8%)

[30 days before to 15 days after]

Type 1

Type 2

Type 3



DISTRIBUTION OF THE 3 TYPES ANOMALIES REFERENCED 

TO THE OCCURRENCE TIME OF THE ERUPTION
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Electrostatic discharge

Electrostatic disturbance

August 2004 to December 2007

81 % 19 %



Long term study 

above Aoba, Ambrym and Lopevi  volcanoes

• The volcanoes are at mid-latitudes and suffer weak ionospheric 

disturbances

• Period: From September 2004 to December 2006

• Distance between the footprint of the satellite position and the 

eruptive center: less than 500 km

• All the downwards and upwards orbits are analyzed

Study II

Target: Do anomalous signals are 

observed outside the time window 

of 45 days bracketing an eruption?
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• No anomaly is recorded outside 

periods of activity of the volcanoes

• 11 anomalies of type 1 or 2 are 

observed during the 2.3 years 

period

Unfortunately, distance between 

volcanoes is less than 200 km in 

comparison to the 680-km altitude 

of the satellite

Statement based on observations: No anomaly on any volcano has been observed 1.5 

year before an eruption. No anomaly was observed during a decreasing/weak activity
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Unfortunately, distance between 

volcanoes is less than 200 km in 

comparison to the 680-km altitude 

of the satellite

Statement based on observations: No anomaly on any volcano has been observed 1.5 

year before an eruption. No anomaly was observed during a decreasing/weak activity

Therefore anomalies before Feb. 2005 should be associated with Lopevi which is 

the only volcano active

After Feb. 2005 Lopevi activity resides in smooth lava flow, while Aoba becomes 

active with phreatic explosions and ashes plumes …. Late 2005 and Feb. 2006 

anomalies would be associated with Aoba activity

Anomalies observed after Aug. 2006 should be attributed to Ambrym

10 months 7 months

VEI=2

VEI=2

VEI=2

• No anomaly is recorded outside 

periods of activity of the volcanoes

• 11 anomalies of type 1 or 2 are 

observed during the 2.3 years 

period
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Concluding remarks

► Satellite observations allow global and statistical analyses of EM perturbations 
of the ionosphere by volcanic activity. 

Limitations are given by the time span between 2 similar observations over a 
volcano (daily shift at the equator: 2860 km), and by the small duration of the 
record (<110 s) over it

 The number of EM signals in the ionosphere could be much larger than those 
trapped by DEMETER

► Electric and magnetic signals may exist before and during volcanic eruptions; 
they are not systematic

► 3 types of anomaly are recognized in the considered database. These 
phenomena seem randomly distributed

► The characteristics of the 3 types of signals are related to different mechanisms

► No simple relationship between EM phenomena and parameters as ISL, IAP 
exist, except in the ULF range  
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