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Abstract: A wide range of satellite methods is applied now in seismology. The first
applications of satellite data for earthquake exploration were initiated in the ‘70s, when
active faults were mapped on satellite images. It was a pure and simple extrapolation of
airphoto geological interpretation methods into space. The modern embodiment of this
method is alignment analysis. Time series of alignments on the Earth's surface are
investigated before and after the earthquake. A further application of satellite data in
seismology is related with geophysical methods. Electromagnetic methods have about the
same long history of application for seismology. Stable statistical estimations of
ionosphere-lithosphere relation were obtained based on satellite ionozonds. The most
successful current project "DEMETER" shows impressive results. Satellite thermal
infra-red data were applied for earthquake research in the next step. Numerous results have
confirmed previous observations of thermal anomalies on the Earth's surface prior to
earthquakes. A modern trend is the application of the outgoing long-wave radiation for
earthquake research. In ‘80s a new technology—satellite radar interferometry—opened a
new page. Spectacular pictures of co-seismic deformations were presented. Current
researches are moving in the direction of pre-earthquake deformation detection. GPS
technology is also widely used in seismology both for ionosphere sounding and for ground
movement detection. Satellite gravimetry has demonstrated its first very impressive results
on the example of the catastrophic Indonesian earthquake in 2004. Relatively new
applications of remote sensing for seismology as atmospheric sounding, gas observations,
and cloud analysis are considered as possible candidates for applications.

Keywords: remote sensing; seismology; earthquakes




Remote Sens. 2010, 2 125

1. Introduction

Remote sensing has been used for earthquake research from the ‘70s, with the first appearance of
satellite images. First of all it was used in structural geological and geomorphological research. Active
faults and structures were mapped on the base of satellite images. This method is very limited in time
series analysis. There was no possibility to measure short term processes before and after the
earthquake. It was simple an extrapolation of airphoto geological interpretation methods into space.
The modern version of this method is active tectonic analysis with the application of alignment
analysis. Time series of alignment distributions on the Earth's surface are investigated before and after
an earthquake.

The current situation of remote sensing application for earthquake research indicates a few
phenomena, related with earthquakes, particularly the Earth's surface deformation, surface temperature
and humidity, atmosphere temperature and humidity, gas and aerosol content. Both horizontal and
vertical deformations scaled from tens of centimeters to meters are recorded after the shock. Such
deformations are recorded by the Interferometric Synthetic Aperture Radar (InSAR) technique with
confidence. Pre-earthquake deformations are rather small, on the order of centimeters. A few cases of
deformation mapping before the shock using satellite data are known at present time. Future
developments lay in precision longwave SAR systems with medium spatial resolution and combined
with the GPS technique. There are numerous observations of surface and near surface temperature
increases of 3—5 °C prior to Earth crust earthquakes. Methods of earthquake prediction are developing
using thermal infrared (TIR) surveys. Multiple evidence of gas and aerosol content changes before
earthquakes are reported for ground observations. Satellite methods allow one to measure the
concentrations of gases in atmosphere: O3, CHy, CO,, CO, H,S, SO,, HCI and aerosols. However the
spatial resolution and sensitivity of modern systems restricts the application of satellite gas observation
in seismology and the first promising results have been obtained only for ozone, aerosol and
air humidity.

A few reviews have covered the field of satellite data applications for natural hazards [1-4]. Only
some of them were concentrated on earthquake research [5-7]. A special issue of the Journal of Asian
Earth Sciences entitled “Validation of Earthquake Precursors (by Satellite, Terrestrial and other
Observations)-VESTO” will be published at the near future.

2. Deformations

One of the main directions of remote sensing application for seismology is deformation mapping.
Surface deformations in seismic cycles can be divided into three phases: pre-seismic or inter-seismic,
co-seismic and post-seismic ones. Co-seismic deformations are evaluated up to meters and tens of
meters while pre-seismic movements amount to centimeters. Post-seismic deformations are also
measured in centimeters, but subsequent landslides can increase deformations to meters. Most current
research is focused on co-seismic and post-seismic (landslide) deformations.
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2.1. Optical Sensors

The first application of satellite images in seismology was related to structural geology and
geomorphology. Active faults and neotectonics were the research aims [8,9]. Epicenter zones of recent
earthquakes were studied on the space images. Image interpretation depended on visual methods. The
interpreter selected faults with sharp borders, shift of river valleys, etc. One example of such an
application is shown on Figure 1.

Figure 1. Main fault systems of North Arabian plate [10]:1—active faults; 2—Ilate
Cenozoic faults; 3—Cenozoic thrusts; 4—alignment on the base of satellite images;
S—anticlines.
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Co-seismic and post-seismic (landslides) deformations are mapped by modern optic satellite
systems. Typical example of high resolution satellite images application for surface deformation is
presented on Figure 2. Change detection methods are widely used for landslide deformation mapping.
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Figure 2. Surface deformations mapping for the Chamoli earthquake (M = 6.3, 29 March 1999
Himalaya, India). Change detection after the earthquake [11]. (a) IRS-1C-PAN pre-earthquake
image of 26 March 1999. (b) IRS-1C-PAN post-earthquake image of 31 March 1999.

Deformation mapping with optical systems as a technique to measure horizontal movements was
developed recently, after the InSAR deformation method (see Section 2.2). The technique is based on a
sub-pixel correlation technique [12]. Mis-registration due to stereoscopic effects is compensated
together with those due to the changing attitude of the satellite during image acquisition. Residual
mis-registrations then reflect ground deformation. SPOT panchromatic images were applied to the
Landers earthquake, 1992, USA [12]; the Izmit earthquake, 1999, Turkey [13], and the Chi-chi
earthquake, 1999, in Taiwan [14]. The technique provides measurements with an accuracy of about 0.5 m.
The displacement field obtained from this technique can be used to map co-seismic ground
deformations and measure slips on the fault. InNSAR technique provides precise measurements a few
kilometers away from the faults but usually can not generate complete deformation map in the
near-fault zone. Optical displacement method can supplement InSAR technique to cover this
disadvantage of the InSAR technique.

Lineament analysis has become the new step in the application of optical data sensors in
seismology. Time series of alignment distributions on the Earth's surface are investigated before and
after an earthquake. Significant changes in alignment distributions (density, direction) were recorded
before an earthquake [15].

The application of optical methods for deformation mapping has limited use now due to cloud
problems. It does not allow one to get long time image series for analysis. On the other hand, the
physical basis of optical sensor applications for deformation mapping before the shock are not clear.
The main trend of optical sensors in the nearest future will be related with post-seismic deformation
mapping, especially in epicenter areas, with high resolution satellite systems.
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Figure 3. Horizontal ground displacement induced by the Landers earthquake measured
from SPOT2 panchromatic images (pixel size 10 m). (a) East-West. (b) North-South
components [12].
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2.2. InSAR

The InSAR technique is used to examine small-scale features in the deformation field associated
with earthquakes. Satellite interferometry is based on multitemporal radar observations. InSAR is a
method by which the phase differences of two or more SAR images are used to calculate the
differences in range from two SAR antennae having slightly different viewing geometries to targets on
the ground. As a result, displacements on the Earth's surface in range of centimeters and millimeters
can be measured. The InSAR results show significant deformation signatures associated with faults,
fractures and subsidences. The interferogram also clearly indicates surface deformation related
to earthquakes.

The first application of satellite interferometry for earthquake research was demonstrated in the ‘90s
by Massonnet et al. [16]. The well-known “butterfly” image (Figure 4) of the Landers earthquake
(M = 7.3, 28 June 1992) was compiled on the base of pre-seismic image of April 24, 1992 and
post-seismic scenes: August 7, 1992; 3 July, 1992 and June 18, 1993 [17]. The comparison of the
observed interferometric picture and modeled scheme of earthquake deformations shows many similar
details (Figure 5). Similar images have been obtained for all the significant earthquakes of the last
decade: Neftegorsk, 1995, Russia [18], Bhuj, 2001, India [19]; Bam, 2003, Iran [20]; Sumatra (2004),
Indonesia [21] etc. All these cases demonstrate co-seismic and post-seismic deformations.
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Figure 4. Observed co-seismic interferogram for the Landers earthquake (M = 7.3, 28 June
1992, CA, USA). One full color cycle represents here 5 cm of range displacement. Solid
lines depict the fault geometry as mapped in the field. Gray areas are zones of low phase
coherence that have been masked before phase unwrapping [17].
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Figure 5. Ground deformations induced by the Neftegorsk earthquake (M = 7.6, 28 May
1995, Sakhalin, Russia). (a) Radar interferogram. (b) Deformation model prediction [18].
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First results with pre-seismic deformations recorded with InSAR technique were obtained recently.
Probable pre-seismic deformation in the Tokai region, Japan (Figure 6) is indicated [22] on the
multiyear InNSAR data. The Tokai region is a well-known seismic gap located about 200 km southwest
of Tokyo, at the conjunction of the Eurasian plate, the Philippine sea plate and the North-American
plate. The vertical deformation recorded on the base of InSAR data coincides with ground leveling and
GPS observation (Figure 10). The subsidence continues to this moment, but an earthquake has still
not happened.

Figure 6. Average displacement rate in Tokai area, Japan, 1992-2000 years, vertical
deformation, mm/year [22].
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The following research has shown surface deformations three year before the Chi-chi earthquake
(1999, Taiwan [23]). ERS-2 radar scenes were used to identify possible precursory surface
deformation in the areas of the main fault before the Chi-Chi earthquake. It was found that surface
deformation began at least three years before the Chi-Chi earthquake in the areas to the west of the
northern segment of the fault where clear co-seismic surface deformation patterns were observed
(Figure 7).

Figure 7. Pre-seismic and co-seismic ground deformations for the Chi-Chi earthquake
M = 7.6, 20 September 1999, Taiwan). (a) Pre-seismic deformations between 16
May 1996 and 14 August 1997. (b) Co-seismic ground deformations between 15 July 1999
and 12 October 2000 [23].
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One of the other applications has described pre-seismic deformations related with the 2004
Parkfield earthquake [24]. Pre-seismic movements are clearly recorded for strike-slips like the San
Andreas Fault Zone by InSAR. The relative horizontal speed of the slip is evaluated at
about 2 cm/year. The spatial pattern of the pre-seismic InSAR deformation rate (Figure 8) indicates
that strain distribution is not uniformly partitioned along the fault strike.
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Figure 8. Pre-seismic strain buildup on the San Andreas Fault Zone at Parkfield. The map is
composed by averaging 20 unwrapped ERS-1/2 interferograms in a stack. Each 20 x 20 m
pixel is then a measure of the average in the line of sight direction velocity in the
period 1992-2004 prior to the earthquake. The scale-bar values represent centimeters parallel

to the fault [24].
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Post-seismic deformations also became the object of research. It was possible to separate
co-seismic and post-seismic deformations for the Bam earthquake (Iran). A subsidence of about 3 cm
was observed (Figure 9) in the area of the destructive fault three years after the main shock [25].
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Figure 9. Post-seismic deformations for the Bam earthquake (M = 6.6, 26 December 2003,
Iran). (a) Vertical displacement of the land surface south of Bam, during the three and a half
years after the earthquake derived from analysis of radar images. The dark blue area sank a
total of more than 3 cm (1.2 inches), revealing a zone of rock that was damaged during the
earthquake and then healed afterwards. (b) False-color Landsat Thematic Mapper image
taken on October 1, 1999 of the area of the earthquake rupture south of Bam. Red line shows
location of the fault damage zone above the buried 2003 rupture. Vegetation in the city of
Bam is green and stone-covered desert has various tones of gray [25].
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The further enhancement of the InSAR technology will allow us to record very fine difference in
surface displacement. The currently operated COSMO/SkyMed mission aims to provide daily
observations, overcoming limited observational frequency, by using a constellation of four satellites.
The current constellation consists of three medium-size satellites, each one equipped with a microwave
high-resolution SAR operating in X-band (31 mm), having ~600 km single side access ground area,
orbiting in a sun-synchronous orbit at ~620 km height over the Earth surface, with the capability to
change attitude in order to acquire images at both right and left side of the satellite ground
track. TERRASAR-X (wavelength-31 mm) radar also provides reliable information for surface
deformation measurements.

Existing satellite InNSAR instruments have X-band and C-band (a wavelength of 56.6 mm), offering
high resolution, but they only provide reliable interferograms for coherent, non-vegetated surfaces.
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Data from the JERS-1 satellite demonstrated during its lifetime that L-band (236 mm wavelength)
satellites propose reduced resolution but provide interferograms over a far greater range of surface
cover types. Modern L-band (236 mm wavelength) SAR PALSAR onboard Japanese satellite ALOS
supplies high quality data for interferometry. Unfortunately, this instrument is designed to test
applications other than interferometry, so it provides only limited support for deformation analysis.
Future missions like MOSART (Monitoring of Surface Deformation in Active Tectonic Zones) and
TERRASAR-L are still not realized.

The InSAR technique opens new fields of remote sensing applications in seismology. InSAR
methods are the best tool to study earthquake deformations at the moment after the shock. New
systems will allow us to shift to pre-seismic deformation measurements and earthquake forecasting.
Epicenter area deformations are still problem for InSAR due to coherence loss and permanent
scatter destruction.

2.3. GPS

As GPS observations are not strictly a remote sensing application, only a few examples of their use
for the study of surface deformations will be listed below. It was mentioned above that InSAR
technique is more sensitive for vertical deformations, while the GPS method is capable of recording
long period horizontal movements. Vertical ground deformations in Tokai area, Japan, revealed by
InSAR (Figure 6) were accompanied by horizontal ones recorded (Figure 10) by GPS [26].

Figure 10. Horizontal deformations in Tokai area, measured by GPS. The Philippine sea
plate subducts beneath the continental plate from the Suruga and Sagami troughs. The
black arrow represents the observed ground displacement rate in cm/year for the period
between 1997 and 1999. Stroke line represents the estimated source area of the expected
Tokai earthquake [26].

36N T =

35N “ e
« Boso peninsula
n . A | Ohshima
zu peninsula A8amyj .
X Nijima ough
" ‘ﬁ.&%
Miyake
34N N
7 Somven |
. cm/year - Izu Islands chain
5 R =

136E 137E 138E 139E 140E 141E

GPS data show that the Sumatra earthquake of 26 December 2004 (M = 9.0) was generated by a
rupture of the Sunda subduction megathrust over a distance of >1,500 kilometers and a width
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of <150 kilometers. Megathrust slip exceeded 20 meters offshore northern Sumatra, mostly at depths
shallower than 30 kilometers. Comparison of the geodetically and seismically inferred slip
distribution indicates that approximately 30 % additional fault slip accrued in the 1.5 months following
the 500-second-long seismic rupture [27].

Figure 11. Co-seismic displacements from the Sumatra earthquake (M = 9.0, 26 December
2004, Indonesia). Solid and open arrows show observed by GPS and calculated
displacements for the optimal model, respectively. Rectangles are surface projections of
assumed fault segments whose upper margins are indicated by thick lines. Thick arrows are
the estimated slip on each segment [28].
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2.4. Gravity

The detection of an earthquake by a space-based gravitation measurement was reported in 2006 [29].
The Gravity Recovery and Climate Experiment (GRACE) satellites observed a + 15-microgalileo gravity
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change induced by the 2004 Sumatra earthquake (Figure 12). Co-seismic deformation produces sudden
changes in the gravity field by vertical displacement of Earth's layered density structure and by changing
the densities of the crust and mantle. GRACE's sensitivity to the long spatial wavelength of gravity
changes resulted in roughly equal contributions of vertical displacement and dilatation effects in the
gravity measurements. The GRACE observations provide evidence of crustal dilatation resulting from an
undersea earthquake. GRACE is more sensitive (~50% signal retained) to the dilatation effect than to the
vertical gravity change (a few %) from the Sumatra EQ co-seismic signals. The negative effect is due to
density changes in the crust and the mantle, largely due to expansion of the crust.

Figure 12. Satellite data showing the gravity changes for the Sumatra earthquake (M = 9.0,
26 December 2004, Indonesia). (a) A composite image from GRACE observed gravity
change (15 pgal). (b) Seismic model predicted gravity change at GRACE resolution [29].
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3. Thermal Phenomena

The modern operational space-borne sensors in the TIR spectrum allow monitoring of the Earth’s
thermal field with a spatial resolution of 0.5-5 km and with a temperature resolution of 0.12-0.5 °C.
Surveys are repeated every 12 hours for the polar orbit satellites, and 30 minutes for geostationary
satellites. The operational system of polar orbit satellites (two—four satellites in orbit) provides a whole
globe survey at least every 6 hours or more frequently. Such sensors may closely monitor seismic
prone regions and provide information about the changes in surface temperature associated with an
impending earthquake.

Natural phenomena and data availability stimulated the analysis of the long time series of thermal
images in relation to earthquake hazard. Historically, the first application of thermal images in
earthquake study was carried out in the ‘80s for Middle Asia [30,31]. Later similar research was
carried out in China [32,33], Japan [34], India [35,36], Italy [37], Spain and Turkey [38], USA [39]
and other countries. Thermal observations from satellites indicate a significant change of the Earth's
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surface temperature and near-surface atmosphere layers. Significant thermal anomalies prior to
earthquakes related to high seismic areas have been reported for all areas listed above.

3.1. Earth Surface

Satellite observations show the presence of TIR anomalies on the Kamchatka peninsula, Far East
Russia, remarkable for its high seismicity, volcanic activity, geothermal fields, geysers, complex relief
and bad weather conditions for satellite observations [40]. One example of clear thermal anomaly,
related with the 21 Jun 1996 earthquake in Kamchatka is described below. A week before the shock
the background distribution of land surface temperature (LST) was observed (Figure 13a).
Immediately after the shock 22 Jun 1996 a large scale anomaly was detected in the basin of
Kamchatka river (Figure 13b) at the centre of the peninsula. The valley of Kamchatka River is a
famous artesian basin with numerous hot springs situated along the ‘thermal lines’. Ground
observations confirmed satellite data: water temperature and debit of hot springs changed
simultaneously with thermal anomaly variation [40].

Figure 13. Thermal anomaly related with Kamchatka earthquake (M = 7.0, 21 Jun 1996, Far
East, Russia). (a) Background situation, satellite NOAA-14, 14 Jun 1996, cross-earthquake
epicenter 21 Jun 1996. (b) Thermal anomaly, satellite NOAA-14, 22 Jun 1996, arrows show
thermal anomaly, cross-earthquake epicenter [40].
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The destructive Bam earthquake in Iran took place on 26 December 2003. The magnitude of the
earthquake was 6.6 and the city of Bam was destroyed. Analyses of the daytime and nighttime datasets
for the Bam region showed a distinct anomaly in LST which appeared before the main shock [41]. The
temperature increase was about 5—7 °C above the usual temperature of the region. At some places, the
temperature was about 6—10 °C higher than the normal temperature of the region in that period of the
year. In the nighttime maps, it was seen that on 18 December 2003 there was a complete normal
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temperature regime in the region (Figure 14). The appearance of an intense thermal anomaly was seen
around the earthquake epicenter near Bam on 21 December 2003 (data was not available on 19 and 20
December 2003 for the same time of acquisition). Daytime LST time series maps show that the rise in
temperature started on 22 December 2003 (Figure 15). The anomaly remained till 24 December 2003
(just two days before the earthquake). The normal temperature was around 22-25 °C on 21 December
2003. On 24 December 2003, the temperature was around 29-32 °C (about 7—10 °C higher than usual
temperature of the region around that period of the year).

Figure 14. Thermal anomalies associated with Bam earthquake (M = 6.6, 26 December
2003, Iran). NOAA-AVHRR daytime data, star indicate earthquake epicenter [41].

Figure 15. Thermal anomalies associated with the Bam earthquake (M = 6.6, 26 December
2003, Iran). NOAA-AVHRR nighttime data, the star indicates the earthquake epicenter [41].
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Figure 15. Cont.

Tramutoli and colleagues have developed a robust satellite data analysis technique for space-time
thermal anomalies on the Earth’s surface recorded by satellites months to weeks before the occurrence
of earthquakes [37]. A robust satellite data analysis technique permits identification of space-time
thermal infrared anomalies even under very variable observational and natural conditions. A robust
estimator of TIR anomalies (RETIRA), ®(r,t), where r represents geographic coordinates of the image
pixel center, t—is the time of acquisition of the satellite image, has been proposed first by
Tramutoli [42]. In this way ®(r,7) gives the local excess of the current thermal signal compared with
its historical mean value and weighted by its historical variability at the considered location.

A statistically well-founded definition of thermal anomalies is given and proposed as a suitable tool
for satellite thermal infrared surveys in seismically active regions. Eight years of Meteosat TIR
observations have been analyzed in order to characterize the TIR signal behavior at each specific
observation time and location. Space-time TIR signal transients have then been analyzed, both in the
presence (validation) and in the absence of (confutation) seismic events, looking for possible
space-time relationships. The devastating earthquake which occurred in Izmit, Turkey (M = 7.8, 17
August 1999) has been considered as a test case for validation (Figure 16). Quite intense (Signal/Noise
> 3.5) and rare, spatially extensive and time persistent, TIR signal transients were identified, appearing
eight days before the Izmit main shock in Greece (August 9th and 12th) and after the shock (August
19th and 20th).
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Figure 16. Results of the RETIRA index computation during August 1999 for the Izmit
earthquake (M = 7.8, 17 August 1999, Turkey). Cloudy locations (no data) are depicted in
black. Pixels with &(r,f) > 3.5 are depicted in red. The black cross, on August 16th,
indicates the epicentral area of the Izmit earthquake. Red boxes contour images showing
pixels with ®(r,7) > 3.5. All scenes refer to Meteosat TIR observations collected at 24:00
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Numerous thermal anomalies related with seismic activity were reported for other resent earthquakes:
Colima, M = 7.8, 21 January 2003, Mexico [44]; Bhuj (Gujarat), M = 7.7, 26 January 2001,
India [44,45]; Kashmir, M = 7.6, 8 October 2005, [46]; Sichuan, M = 8.0, 12 May 2008, China [47] and
many others.

Cases studies of various thermal remote sensing methods applications for earthquakes were
reported recently. Pinty et al. [48] have found a significant emergence of surface moisture growth
after the Bhuj (Gujarat) earthquake, 26 January 2001, using MISR (Multi-angle Imaging
SpectroRadiometer) data. Dey and Singh [49] found significant Surface Latent Heat Flux (SLHF)
changes prior to the same earthquake. SLHF anomalies were also reported for the Colima earthquake,
M = 7.8, 21 January 2003, Mexico [50] and the Tokachi-Oki earthquake, M = 8.3, 25 September 2003,
Japan [51]. Reanalysis of climatic data are also involved in thermal data processing in seismic
processes [52].



Remote Sens. 2010, 2 141

Satellite thermal survey has a relatively long history of applications in seismology. Most of its
advantages and deficiencies are well known. Two main problems limit thermal data utilization: cloud
penetration and geological situation. The first issue will be overcome with microwave radiometers in
the future. Spatial resolution of microwave devices is too coarse now. The second problem is a
fundamental one. There are no strong correlations between seismic activity and thermal anomalies on
the Earth’s surface. More accurately, we have correlations for some area, for not for others. Surface
conditions such as vegetation, precipitations, wind, etc. also strongly influence thermal effects.

3.2. Sea Surface

The sea surface is considered as a more complex object for satellite data applications for
seismology. The sea surface temperature depends strongly on weather conditions and sea currents. Due
to high thermal inertia all processes of water heating and cooling take place much slower than on
the ground.

Figure 17. Sea surface temperature variation for Boumerdes earthquake (M = 6.8, 21 May
2003, Algeria). MODIS Terra LST for May 18, 19 and 20 in near zone to the epicenter.
(a) Map of 4.5 km nighttime girded SST data, with red rectangle marking the upwelling
area. Land is masked with black color. (b) Zoom in the epicentral area with cooling the
surface temperature (blue color). (c) SST residual computed for the same days by the
method of median polish [44].
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Sea surface temperatures (SST) were analyzed for the Boumerdes earthquake (northern Algeria, 21
May 2003, M = 6.8 [44]). Statistical analysis was preformed to estimate the SST variability during the
period of 90 days around 21 May 2003. Night images of Terra/MODIS for May 18, 19 and 20 were
shown as the land was masked with black (Figure 17). The decrease of SST with amplitude —2 °C was
observed on locations close to the epicenter and this temperature decrease pattern could not be seen
before or after the main shock. The statistical analysis confirms that a few days before the main shock
there were local up-wellings of cold water with an average SST —2 °C in comparison with the
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background mean temperature. Some other examples of SST anomalies, mostly negative, related with
earthquake were reported by Ouzounov and Freund [53].

Figure 18. Surface latent heat flux anomalies for the Sumatra earthquake (M = 9.0, 26
December 2004, Indonesia). (a) SLHF anomaly on 7 December 2004. (b) Time series of
wavelet analysis of SLHF for the period from 27 December 2003 to 25 December 2004 [55].
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Singh et al. [54] found changes in water color and Earth's surface related to Bhuj (Gujarat)
earthquake of January 26 using IRS satellite data. Numerous sea surface parameters variations were
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discussed in relation with Sumatra earthquake, 2004, from SLHF (Figure 18) till chlorophyll-a
concentrations [55].

3.3. Atmosphere

Thermal anomalies before strong earthquakes are observed at different levels, starting from the
ground surface up to the top of clouds altitude. All kinds of anomalies were registered repeatedly by
many researchers before different earthquakes by remote sensing satellite techniques on the earth and
sea surface. The most promising in the present moment is the Outgoing Longwave Radiation (OLR)
anomaly measured at the top of clouds level [56]. Its advantage is that it is measured within the
infrared transparency window of 8—12 microns and does not separate clouds. OLR is currently mapped
by the AIRS (Atmospheric Infrared Sounder) launched into orbit in 2002. AIRS is one of six
instruments on board the Aqua satellite, part of the NASA Earth Observing System. One of the best
examples of OLR anomalies is related with the Sumatra earthquake in 2004 (Figure 19).

Figure 19. Outgoing longwave radiation anomaly for the Sumatra earthquake (M = 9.0, 26
December 2004, Indonesia). (a) Map of OLR monthly variations for November 2004,
month prior to the shock. (b) Time-series of daily OLR anomaly for 1 October 2004-31
December 2004 over the epicenter [56].
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It is difficult to expect that something like a ground surface temperature increase by 3—5 degrees or
infrared emission emitted by rocks due to deformation can provide at an altitude of 12 km the energy
flux within the range 4-80 W/m* which was measured experimentally. Such an amount of energy
could only be provided by some process taking place directly in the atmosphere.

Dey et al. [57] found changes in the total water vapour column after the Bhuj (Gujarat) earthquake.
Water content was retrieved by SSM/I microwave radiometer on the Tropical Rainfall Measuring
Mission (TRMM) satellite. Okada et al. [58] found changes in atmospheric aerosol parameters after
the Bhuj (Gujarat) earthquake. Aerosols above the sea surface were revealed on the base SeaWiFS
satellite data. A few examples of ozone concentrations changes measured by TOMS related with
earthquakes have been reported by Tronin [59].

Also we can mention about numerous attempts to use cloud detection for earthquake research [60].
Cloud anomalies were detected (FigurelS) on satellite images before (21 December 2003) and after
(27 December 2003) the Bam earthquake, Iran [61] and for some Japanese earthquakes [62].

4. Electromagnetics

Electromagnetic observations do not belong to remote sensing. Nevertheless the role of these
methods in earthquake research is very important. One can find a comprehensive review on
seismo-electromagnetics presented by Uyeda, Nagao and Kamogawa [63]. The DEMETER
mission [64] successfully executes a science program on seismo-ionoshperic research [65,66].

Total electron content (TEC) is one the main parameters studied in relation with earthquakes [6].
GPS observations at the moment are the main tool for TEC measurements. The density of GPS stations
increases every year, which allows for restoring the 3D ionosphere structure. An excellent example of
TEC variation (Figure 20) was represented for the Chi-Chi earthquake [67]. Modern TEC applications
can be found in the publications of Liu [68-70]. On the other hand the constellation of satellites with
scatterometers like QuikSCAT generates TEC images above sea surface as side effects.

Figure 20. The variations of TEC observed in September 1999 for the Chi-Chi earthquake
M = 7.6, 20 September 1999, Taiwan). 1 TECu = 10'% el/m*. Arrows show TEC
anomalies [67].
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5. Discussion

A wide spectrum of satellite remote sensing methods are applied in seismology nowadays. The
value of these methods for earthquake research is varied. Optical methods have limited applications,
mostly for rapid assessment of damages in an epicentral zone. Other applications such as alignment
analysis and cloud form analysis related with earthquakes do not have an adequate scientific basis for
seismological application. Vigorous extension of InSAR methods applications in seismology is
observed now. Modern radar systems in conjunction with GPS/GLONASS will provide whole seismic
cycle monitoring. Broad application of InSAR methods is limited by the high data cost and complex
data analysis. Thermal satellite data applications are developing in two directions at the moment:
thermal anomalies in seismic fault research and emitted longwave radiation measurements in seismic
zones. Thermal anomalies research in seismic faults is developing in the direction of seismic activity
monitoring and close integration with ground observations. Emitted longwave radiation observations
demonstrate promising results, but data accumulation is required. The nature of ongoing longwave
radiation anomalies remains unclear.

Some common remarks on satellite data application in seismology can be made: (1) The level of
automatic data processing is insufficient. There is still too much manual labour and author arbitrariness
in data processing—this concerns both exotic earthquake cloud analysis and high technique radar
methods. Some results are irreproducible. (2) There is a weak physical and geological basis for many
of the proposed methods. The nature and driving forces of some phenomena need clarification and
connection with current understanding of physics and geology.

6. Conclusions

This review of modern remote sensing techniques in seismology demonstrates the following:
(1) remote sensing methods are being broadly used for earthquake research; (2) a wide spectra of
remote sensing methods are applied—from optical sensors to radar systems; (3) the list of parameters
studied by remote sensing are: surface deformation (both vertical and horizontal), surface temperature,
various heat fluxes on the Earth’s and top clouds surfaces and some others; (4) future development of
remote sensing application for earthquakes related with new directions: L-band radar systems, high-
resolution microwave radiometers, gas analyzers; (5) we will probably again approach an epoch of
“belief” in earthquake prediction, where remote sensing can play a key role due to its global scope,
calibration, and automatic data processing.

The described processes in the ionosphere, atmosphere, hydrosphere and lithosphere associated with
earthquakes represent the fundamental science issue of lithosphere-atmosphere-ionosphere coupling. The
solution of this problem is quite far away. We can mention specifically the problems of the nature of
thermal anomalies, the nature of emitted longwave radiation anomalies, ionosphere-lithosphere coupling
and so on. All these issues interface with the problem of understanding the nature of earthquakes.
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