




















































































































































































































(a)

(b) (c)

Figure 55. Field photos from Hever South, June 17, 2012. (a) a new depression surrounded by radial cracks
(marked 2 in Figure 52f); (b) a slightly depressed area showing no visible deformation structures (marked 3
in Figure 52f); (¢) An area showing no visible deformation structures (marked 4 in Figure 52f);

Figure 56. Cumulative subsidence of Hever South areas 2, 3 and 4 (marked in Figure 52f).
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4.3 Discussion

The ongoing water-level drop of the Dead Sea accelerated the development of
subsiding areas and sinkholes. Previous InSAR studies suggested an association
between the two features [Baer et al., 2002; Abelson et al., 2003], yet the temporal
relations between them were difficult to resolve due to low spatial and temporal
resolution of InSAR measurements and to expensive resources needed for frequent
surveys by other methods.

As a first step to resolve the spatio-temporal association between subsidence and
sinkhole collapse, over 400 interferograms were generated from ERS, Envisat and
ALOS satellite images between the years 1992 and 2010. Their analysis confirmed the
association between the subsidence features detected by InSAR and the sinkholes.
The sinkholes have been shown to form several months to several years after
subsidence started in nearby areas. However, due to low spatial and temporal
resolution of the InSAR observations and the low temporal constraint over the
sinkhole collapse, the connection between the two phenomena still remained unclear.
Since December 2011 Cosmo SkyMED (CSK) data became available for the Dead
Sea sinkhole research, thanks to a special agreement between the Geological Survey
of Israel, the Italian Space Agency (ASI) and the Institute of Geophysics and
Volcanology in Rome (INGV). The very high spatial and temporal resolution and the
fusion with recent LiDAR measurements to remove the topographic signal
contributed to a great improvement in our processing capabilities. Nine CSK
interferograms were processed and analyzed for the period between December 2011
and June 2012. The use of the fine InNSAR measurements enabled mapping of surface
subsidence and monitoring of the current activity at sinkhole sites, including known
sinkholes, which show no deformation (considered dormant), sinkholes with periodic
deformation and sinkholes with continuous deformation. These maps will be used in
the near future to refine the sinkhole hazard map and to investigate the rapid
geomorphological changes along the shores of the Dead Sea.

CSK data revealed ongoing subsidence adjacent to sensitive infrastructures such as
Road #90 and the newly built Arugot Bridge, highlighting the potential use of InSAR
for infrastructure monitoring. The CSK data also enabled to measure the rates and
spatial extent of the current activity in great detail. Simple time series analyses

suggest that heavy rainfall in the Dead Sea area and its drainage basin may accelerate
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the subsidence and sinkhole creation and generate rapid changes over a few months.
In some cases subsidence decelerated after the rainy season. However, the
relationships between rain events and sinkhole activity still needs to be verified using
systematic observations over longer intervals. Field work and mapping of cracks,
faults, and sinkholes in the Hever Central site established for the first time the
association between sinkholes and a fault exposed at the surface, rather than
geophysically inferred subsurface faults.

Detailed analyses of subsidence, near newly formed sinkholes, shows that subsidence
may start a few months before the sinkholes formed and accelerate towards the actual
collapse event. Thus, our findings show that subsidence, particularly accelerated

subsidence, can serve as a clear sinkhole precursor.

S Summary and conclusions

In this study two aspects of ground response to the Dead Sea water-level drop in
recent decades were analyzed - elastic rebound and sinkhole development. The former
occurs on a wide, regional scale, whereas the latter occurs on a local scale, mainly
along the Dead Sea shores. The two features were measured and analyzed using SAR
interferograms made from images acquired between the years 1992 and 2012. The
InSAR processing scheme for each of the two phenomena was adjusted to the spatial
and temporal scales of the discussed phenomena. Choosing the right filter, spatial and
temporal resolution and overcoming noise and other issues were the challenges in this
study.

On the wider scale, lithospheric response to the unloading of the water mass was
found to be accompanied by regional uplift. A new analysis scheme of InSAR and
GPS data, specifically tailored to address the strong trade-off between the topography
and the phase contribution due to stratified atmosphere, together with extremely noisy
data, shows uplift around the Dead Sea northern basin, with maximum LOS change
rates near the eastern shoreline, up to about 4.3 mm/year and decaying gradually with
increasing distance from the Dead Sea. A bootstrapping test demonstrated that this
result is robust and cannot be attributed to a single acquisition date. The crustal uplift
response to the Dead Sea water-level drop is reproducible by a homogeneous elastic

half-space model, with a Young modulus of about 44 GPa. Such a modulus is
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compatible with the average Young modulus inferred from seismic and gravity data,
down to a depth of 15 kilometers, below the Dead Sea basin, suggesting that the
response of the crust to the sea level is controlled mainly by the elastic properties of
the upper 15 km immediately below the Dead Sea basin.

On the local scale ground response to the water-level drop is expressed by gradual
subsidence and formation of sinkholes along the Dead Sea. The availability of CSK
data since December 2011, with its very high spatial and temporal resolution and its
fusion with recent LIDAR measurements to remove the topographic signal, brings us
within reach to establish an early warning alert of sinkholes. A possible precursor to
sinkhole collapse may well be the identification of acceleration in the subsidence rate.
The relationships between sinkhole lineaments and active faults and between
accelerated sinkhole generation and periods of rainfall were also discussed and
established in this study. Maps of active subsidence and other small-scale
deformations along the coast will be included in hazard maps and in future
development plans in the region.

In spite of the large differences between the two phenomena discussed in this study,
there is some linkage between the two. Continuation of water level drop and
associated crustal uplift may alter the local stress regime [e.g. Luttrell et al., 2007]. As
sinkholes are created in association with active faults, the change in the local stress
regime may promote fault failure and sinkhole activity. This aspect of the two

phenomena is yet to be resolved.

78



References

Abelson, M. and R. Gabay (2009), Evolution of the Dead Sea sinkholes between
August 2006 and December 2008 — Scan of aerial photographs, (in Hebrew, English
abstract), Geological Survey of Israel Report TR-GSI/ 13/2009, 15.

Abelson, M., G. Baer, V. Shtivelman, D. Wachs, E. Raz, O. Crouvi, I. Kurzon, and Y.
Yechieli (2003), Collapse-sinkholes and radar interferometry reveal neotectonics
concealed within the Dead Sea basin, Geophys. Res. Lett., 30(10), 1545, doi:
10.1029/2003GL017103.

Abelson, M., Y. Yechieli, O. Crouvi, G. Baer, D. Wachs, A. Bein, and V. Shtivelman
(2006), Evolution of the Dead Sea sinkholes, Geological Society of America Special
Papers, 401, 241-253, doi: 10.1130/2006.2401(16).

Amelung, F., D. L. Galloway, J. W. Bell, H. A. Zebker, and R. J. Laczniak (1999),
Sensing the ups and downs of Las Vegas: InSAR reveals structural control of land
subsidence and aquifer-system deformation, Geology, 27(6), 483-486, doi:
10.1130/0091-7613(1999)027<0483:STUADO>2.3.CO;2.

Arav, R., S. Filin, and Y. Avni (2012), Monitoring changes along receding lake
environments, FIG Working Week 2012, Rome, Italy, 6-10 May 2012.

Askne, J. I. H., P. B. G. Dammert, L. M. H. Ulander, and G. Smith (1997), C-band
repeat-pass interferometric SAR observations of the forest, IEEE Trans. Geosci.
Remote Sens., 35(1), 25-35, doi: 10.1109/36.551931.

Baer, G., D. Sandwell, S. Williams, Y. Bock, and G. Shamir (1999), Coseismic
deformation associated with the November 1995, MW =7.1 Nuweiba earthquake,

Gulf of Elat (Agaba), detected by synthetic aperture radar interferometry, J. Geophys.
Res., 104, 25221-25232, doi: 10.1029/1999JB900216.

Baer, G., U. Schattner, D. Wachs, D. Sandwell, S. Wdowinski, and S. Frydman
(2002), The lowest place on Earth is subsiding--An InSAR (interferometric synthetic

aperture radar) perspective, Geological Society of America Bulletin, 114(1), 12-23,
doi: 10.1130/0016-7606(2002)114<0012: TLPOEI>2.0.CO;2.

Bartov, Y., A. Sneh, L. Fleischer, and M. Rosensaft (2000), Potestially Active Faults
in Israel., Geol. Surv. Isr., Report GSI/29/2002, 8 pp.

Bartov, Y., G. Steinitz, M. Eyal, and Y. Eyal (1980), Sinistral Movement Along the
Gulf of Aqgaba - its Age and Relation to the Opening of the Red-Sea, Nature,
285(5762), 220-222, doi: 10.1038/285220a0.

Bartov, Y. (1999), The geology of the Lisan Formation in Massada plain and the
Lisan Peninsula, M.Sc thesis, 63 pp., Hebrew University, Jerusalem, Israel.

79



Ben-Avraham, Z. (1997), Geophysical framework of the Dead Sea: structure and
tectonics, in The Dead Sea : The Lake and its Setting, edited by Tina M. Niemi, Zvi
Ben Avraham, and Joel Gat, Oxford University Press.

Ben-Avraham, Z., R. Hinel, and H. Villinger (1978), Heat flow through the Dead Sea
rift, Mar. Geol., 28(3-4), 253-269, doi: DOI: 10.1016/0025-3227(78)90021-X.

Berardino, P., G. Fornaro, R. Lanari, and E. Sansosti (2002), A new algorithm for
surface deformation monitoring based on small baseline differential SAR
interferograms, Geoscience and Remote Sensing, IEEE Transactions on, 40(11),
2375-2383.

Biggs, J., T. Wright, Z. Lu, and B. Parsons (2007), Multi-interferogram method for
measuring interseismic deformation: Denali Fault, Alaska, Geophysical Journal
International, 170(3), 1165-1179.

Bills, B. G. and G. M. May (1987), Lake Bonneville - Constraints on lithospheric
thickness and upper mantle viscosity from isostatic warping of Bonneville, Provo, and
Gilbert stage shorelines, J. Geophys. Res., 92, 11493-11508, doi:
10.1029/JB092iB11p11493.

Calvo, R. and Y. Bartov (2001), Hazeva Group, southern Israel: New observations,
and their implications for its stratigraphy, paleogeography, and tectono-sedimentary
regime, Isr. J. Earth Sci., 50(2-4, Sp. Iss. SI), 71-99, doi: 10.1560/B02L-6K04-
UFQL-KUE3.

Cathles, L. M. (1975), The Viscosity of the Earth's Mantle, 386 pp., Princeton
University Press, Princeton, N. J.

Cavalié, O., M.-P. Doin, C. Lasserre, and P. Briole (2007), Ground motion
measurement in the Lake Mead area, Nevada, by differential synthetic aperture radar
interferometry time series analysis: Probing the lithosphere rheological structure, J.
Geophys. Res., 112, B03403, doi: 10.1029/2006JB004344.

Cavalié, O., C. Lasserre, M.-P. Doin, G. Peltzer, J. Sun, X. Xu, and Z. K. Shen
(2008), Measurement of interseismic strain across the Haiyuan fault (Gansu, China),
by InNSAR, Earth Planet. Sci. Lett., 275(3-4), 246-257, doi: DOL:
10.1016/j.epsl.2008.07.057.

Closson, D. (2005), Structural control of sinkholes and subsidence hazards along the
Jordanian Dead Sea coast, Environ. Geol., 47(2), 290-301, doi: 10.1007/s00254-004-
1155-4.

Closson, D., N. A. Karaki, H. Hansen, D. Derauw, C. Barbier, and A. Ozer (2003),
Space-borne radar interferometric mapping of precursory deformations of a dyke
collapse, Dead Sea area, Jordan, Int. J. Remote Sens., 24(4), 843-849, doi:
10.1080/01431160210147388.

80



Colesanti, C., A. Ferretti, C. Prati, and F. Rocca (2003), Monitoring landslides and
tectonic motions with the Permanent Scatterers Technique, Eng. Geol., 68(1-2), 3-14,
doi: 10.1016/S0013-7952(02)00195-3.

Costantini, M. (1998), A novel phase unwrapping method based on network
programming, IEEE Trans. Geosci. Remote Sens., 36(3), 813-821, doi:
10.1109/36.673674.

Dawson, J. and P. Tregoning (2007), Uncertainty analysis of earthquake source
parameters determined from InSAR: A simulation study, Journal of Geophysical
Research-Solid Earth, 112(B9), B09406, doi: 10.1029/2007JB005209.

Delacourt, C., P. Briole, and J. A. Achache (1998), Tropospheric corrections of SAR
interferograms with strong topography. Application to Etna, Geophys. Res. Lett.,
25(15), 2849-2852, doi: 10.1029/98GL02112.

Doin, M.-P., C. Twardzik, G. Ducret, C. Lasserre, S. Guillaso, and S. Jianbao (2010),
Visco-elastic rebound of the lithosphere around the lake Siling Co in Tibet observed
by InSAR, AGU Fall Meeting Abstracts, B817.

Dong, D., P. Fang, Y. Bock, F. Webb, L. Prawirodirdjo, S. Kedar, and P. Jamason
(2006), Spatiotemporal filtering using principal component analysis and Karhunen-
Loeve expansion approaches for regional GPS network analysis, J. Geophys. Res.,
111, B03405, doi: 10.1029/2005JB003806.

Dziewonski, A. M. and D. L. Anderson (1981), Preliminary reference Earth model,
Phys. Earth Planet. Inter., 25(4), 297-356, doi: DOI: 10.1016/0031-9201(81)90046-7.

Eckstein, Y. and G. Simmonsi (1977), Measurement and interpretation of terrestrial
heat flow in Israel, Geothermics, 6(3-4), 117-142, doi: DOI: 10.1016/0375-
6505(77)90023-2.

Elliott, J. R., J. Biggs, B. Parsons, and T. J. Wright (2008), InSAR slip rate
determination on the Altyn Tagh Fault, northern Tibet, in the presence of

topographically correlated atmospheric delays, Geophys. Res. Lett., 35(12), L12309,
doi: 10.1029/2008GL033659.

Eyal, M., Y. Eyal, Y. Bartov, and G. Steinitz (1981), The Tectonic Development of
the Western Margin of the Gulf-Of-Elat (Agaba) Rift, Tectonophysics, 80(1-4), 39-&,
doi: 10.1016/0040-1951(81)90141-4.

Feinstein, S. (1987), Constraints on the Thermal History of the Dead-Sea Graben as
Revealed by Coal Ranks in Deep Boreholes, Tectonophysics, 141(1-3), 135-150, doi:
10.1016/0040-1951(87)90181-8.

Ferretti, A., C. Prati, and F. Rocca (2001), Permanent scatterers in SAR

interferometry, IEEE Trans. Geosci. Remote Sens., 39(1), 8-20, doi:
10.1109/36.898661.

81



Fialko, Y. (2006), Interseismic strain accumulation and the earthquake potential on
the southern San Andreas fault system, Nature, 441(7096), 968-971.

Filin, S., A. Baruch, S. Morik, Y. Avni, and S. Marco (2012), Use of airborne laser
scanning to characterise land degradation processes - the Dead Sea as a case study,
Survey Review, 44(325), 84-90, doi: 10.1179/1752270611Y.0000000001.

Filin, S., A. Baruch, Y. Avni, and S. Marco (2011), Sinkhole characterization in the
Dead Sea area using airborne laser scanning, Nat. Hazards, 58(3), 1135-1154, doi:
10.1007/s11069-011-9718-7.

Freund, R., Z. Garfunkel, 1. Zak, M. Goldberg, T. Weissbrod, B. Derin, F. Bender, F.
E. Wellings, and R. W. Girdler (1970), The Shear along the Dead Sea Rift [and
Discussion], Philosophical Transactions of the Royal Society of London.Series A,
Mathematical and Physical Sciences, 267(1181, A Discussion on the Structure and
Evolution of the Red Sea and the Nature of the Red Sea, Gulf of Aden and Ethiopia
Rift Junction), pp. 107-130.

Freund, R., I. Zak, and Z. Garfunkel (1968), Age and Rate of the Sinistral Movement
along the Dead Sea Rift, Nature, 220, 253-255.

Frumkin, A., M. Ezersky, A. Al-Zoubi, E. Akkawi, and A. Abueladas (2011), The
Dead Sea sinkhole hazard: Geophysical assessment of salt dissolution and collapse,
Geomorphology, 134(1-2), 102-117, doi: 10.1016/j.geomorph.2011.04.023.

Gabriel, A. K. and R. M. Goldstein (1988), Crossed Orbit Interferometry - Theory and
Experimental Results from Sir-B, Int. J. Remote Sens., 9(5), 857-872.

Gabriel, A. K., R. M. Goldstein, and H. A. Zebker (1989), Mapping Small Elevation
Changes Over Large Areas: Differential Radar Interferometry, J. Geophys. Res., 94,
9183-9191, doi: 10.1029/J1B094iB07p09183.

Garfunkel, Z. (1981), Internal structure of the Dead Sea leaky transform (rift) in
relation to plate kinematics, Tectonophysics, 80(1-4), 81-108, doi: DOL:
10.1016/0040-1951(81)90143-8.

Garfunkel, Z. (1997), The history and formation of the Dead Sea Basin, in The Dead
Sea : The Lake and its Setting, edited by Tina M. Niemi, Zvi Ben Avraham, and Joel
Gat, Oxford University Press.

Ginzburg, A., J. Makris, K. Fuchs, C. Prodehl, W. Kaminski, and U. Amitai (1979), A
seismic study of the crust and upper mantle of the Jordan-Dead Sea rift and their
transition toward the Mediterranean Sea, J. Geophys. Res., 84, 1569-1582, doi:
10.1029/JB084iB04p01569.

Goldstein, R. M., H. Engelhardt, B. Kamb, and R. M. Frolich (1993), Satellite Radar

Interferometry for Monitoring Ice-Sheet Motion - Application to an Antarctic Ice
Stream, Science, 262(5139), 1525-1530, doi: 10.1126/science.262.5139.1525.

82



Goldstein, R. M. and H. A. Zebker (1987), Interferometric Radar Measurement of
Ocean Surface Currents, Nature, 328(6132), 707-709, doi: 10.1038/328707a0.

Goldstein, R. M., H. A. Zebker, and C. L. Werner (1988), Satellite Radar
Interferometry - Two-Dimensional Phase Unwrapping, Radio Sci., 23(4), 713-720,
doi: 10.1029/RS0231004p00713.

Goldstein, R. M. and C. L. Werner (1998), Radar interferogram filtering for
geophysical applications, Geophys. Res. Lett., 25(21), 4035-4038, doi:
10.1029/1998GL900033.

Gotze, H.-J., R. El-Kelani, S. Schmidt, M. Rybakov, M. Hassouneh, H. J. Forster, and
J. Ebbing (2007), Integrated 3D density modelling and segmentation of the Dead Sea
Transform, Int. J. Earth Sci., 96(2), 289-302.

Gourmelen, N., F. Amelung, and R. Lanari (2010), Interferometric synthetic aperture
radar—GPS integration: Interseismic strain accumulation across the Hunter Mountain
fault in the eastern California shear zone, J. Geophys. Res., 115, B09408, doi:
10.1029/2009JB007064.

Hall, J. K. (1996), Digital topography and bathymetry of the area of the Dead Sea
Depression, Tectonophysics, 266(1-4), 177-185, doi: DOI: 10.1016/S0040-
1951(96)00189-8.

Hanssen, R. F. (2001), Radar Interferometry: Data Interpretation and Error Analysis,
vol. 2, 328 pp., Kluwer Acad., Dordrecht, the Netherlands.

Hect, A. and 1. Gertman (2003), Dead Sea Meteorological Climate, in Fungal Life in
the Dead Sea, edited by E. Nevo, A. Oren, and S. P. Wasser, pp. 68-114, A.R.G.
Gantner, Ruggell, Liechtenstein.

Herring, T. A., R. W. King, and S. C. McClusky (2010), Documentation for the
GAMIT GPS Analysis Software, Ver. 10.4, Mass. Institute of Technology.

Hofstetter, A., C. Dorbath, M. Rybakov, and V. Goldshmidt (2000), Crustal and upper
mantle structure across the Dead Sea rift and Israel from teleseismic P-wave
tomography and gravity data, Tectonophysics, 327(1-2), 37-59, doi: DOI:
10.1016/S0040-1951(00)00161-X.

Hooper, A., H. Zebker, P. Segall, and B. Kampes (2004), A new method for
measuring deformation on volcanoes and other natural terrains using InSAR persistent
scatterers, Geophys. Res. Lett., 31(23), L23611, doi: 10.1029/2004GL021737.

Hunter, J. D. (2007), Matplotlib: A 2D graphics environment, Computing in Science
& Engineering, 9(3), 90-95, doi: 10.1109/MCSE.2007.55.

Jarvis, A., H. 1. Reuter, A. Nelson, and E. Guevara (2008), Hole-filled seamless

SRTM data V4, International Centre for Tropical Agriculture (CIAT), available from
http://srtm.csi.cgiar.org.

83



Jonsson, S., N. Adam, and H. Bjornsson (1998), Effects of subglacial geothermal
activity observed by satellite radar interferometry, Geophys. Res. Lett., 25(7), 1059-
1062, doi: 10.1029/98GL50567.

Kashai, E. L. and P. F. Croker (1987), Structural Geometry and Evolution of the
Dead-Sea Jordan Rift System as Deduced from New Subsurface Data,
Tectonophysics, 141(1-3), 33-&, doi: 10.1016/0040-1951(87)90173-9.

Kaufmann, G. and F. Amelung (2000), Reservoir-induced deformation and
continental rheology in vicinity of Lake Mead, Nevada, Journal of Geophysical
Research-Solid Earth, 105(B7), 16341-16358, doi: 10.1029/2000JB900079.

Lambeck, K., C. Smither, and P. Johnston (1998), Sea-level change, glacial rebound
and mantle viscosity fornorthern Europe, Geophysical Journal International, 134,
102-144, doi: 10.1046/j.1365-246x.1998.00541 .x.

Lambeck, K. (1991), Glacial rebound and sea-level change in the British Isles, Terra
Nova, 3(4), 379-389, doi: 10.1111/5.1365-3121.1991.tb00166.x.

Le Beon, M., Y. Klinger, A. Q. Amrat, A. Agnon, L. Dorbath, G. Baer, J. Ruegg, O.
Charade, and O. Mayyas (2008), Slip rate and locking depth from GPS profiles across
the southern Dead Sea Transform, J. Geophys. Res., 113, B11403, doi:
10.1029/2007JB005280.

Lensky, N. G., Y. Dvorkin, V. Lyakhovsky, I. Gertman, and I. Gavrieli (2005), Water,
salt, and energy balances of the Dead Sea, Water Resour. Res., 41(12), W12418, doi:
10.1029/2005WR004084.

Li, Z. H., E. J. Fielding, P. Cross, and J. P. Muller (2006a), Interferometric synthetic
aperture radar atmospheric correction: GPS topography-dependent turbulence model,
Journal of Geophysical Research-Solid Earth, 111(B2), B02404, doi:
10.1029/2005JB003711.

Li, Z. H., E. J. Fielding, P. Cross, and J. P. Muller (2006b), Interferometric synthetic
aperture radar atmospheric correction: Medium Resolution Imaging Spectrometer and
Advanced Synthetic Aperture Radar Integration, Geophys. Res. Lett., 33(6), L0O6816,
doi: 10.1029/2005GL025299.

Li, Z. H., J. P. Muller, P. Cross, and E. J. Fielding (2005), Interferometric synthetic
aperture radar (InSAR) atmospheric correction: GPS, moderate resolution Imaging

spectroradiometer (MODIS), and InSAR integration, Journal of Geophysical
Research-Solid Earth, 110(B3), B03410, doi: 10.1029/2004JB003446.

Lohman, R. B. and M. Simons (2005), Locations of selected small earthquakes in the

Zagros mountains, Geochemistry Geophysics Geosystems, 6, Q03001, doi:
10.1029/2004GC00849.

Lo6pez-Quiroz, P., M.-P. Doin, F. Tupin, P. Briole, and J. Nicolas (2009), Time series
analysis of Mexico City subsidence constrained by radar interferometry, J. Appl.

Geophys., 69(1), 1-15, doi: DOL: 10.1016/j.jappgeo.2009.02.006.

84



Luttrell, K., D. Sandwell, B. Smith-Konter, B. Bills, and Y. Bock (2007), Modulation
of the earthquake cycle at the southern San Andreas fault by lake loading, J. Geophys.
Res., 112, B08411, doi: 10.1029/2006JB004752.

Lyons, S. and D. Sandwell (2003), Fault creep along the southern San Andreas from
interferometric synthetic aperture radar, permanent scatterers, and stacking, Journal of
Geophysical Research-Solid Earth, 108(B1), 2047, doi: 10.1029/2002JB001831.

Massonnet, D., P. Briole, and A. Arnaud (1995), Deflation of Mount Etna Monitored
by Spaceborne Radar Interferometry, Nature, 375(6532), 567-570, doi:
10.1038/375567a0.

Massonnet, D., M. Rossi, C. Carmona, F. Adragna, G. Peltzer, K. Feigl, and T.
Rabaute (1993), The Displacement Field of the Landers Earthquake Mapped by Radar
Interferometry, Nature, 364(6433), 138-142, doi: 10.1038/364138a0.

Massonnet, D. and K. L. Feigl (1998), Radar interferometry and its application to
changes in the Earth's surface, Rev. Geophys., 36(4), 441-500, doi:
10.1029/97RG03139.

McClusky, S., R. Reilinger, S. Mahmoud, D. Ben Sari, and A. Tealeb (2003), GPS
constraints on Africa (Nubia) and arabia plate motions, Geophys. J. Int., 155, 126-
138, doi: 10.1029/2001.

Mechie, J., K. Abu-Ayyash, Z. Ben-Avraham, R. El-Kelani, I. Qabbani, and M.
Weber (2009), Crustal structure of the southern Dead Sea basin derived from project

DESIRE wide-angle seismic data, Geophysical Journal International, 178, 457-
478(22).

Mitrovica, J. X. and W. R. Peltier (1993), The Inference of Mantle Viscosity From an

Inversion of the Fennoscandian Relaxation Spectrum, Geophysical Journal
International, 114(1), 45-62, doi: 10.1111/5.1365-246X.1993.tb01465.x.

Nakiboglu, S. M. and K. Lambeck (1982), A study of the Earth's response to surface
loading with application to Lake Bonneville., Geophys. J., 70(3), 577-620.

Neev, D. and J. K. Hall (1979), Geophysical investigations in the Dead Sea, Sediment.
Geol., 23(1-4), 209-238, doi: 10.1016/0037-0738(79)90015-0.

Nof, R. N., M. Sadeh, G. Baer, and A. Ziv (2008a), Detection and identification of
earthquakes and ground deformations in Iran, using spaceborn SAR interferometry,
Geological Survey of Israel, Jerusalem (in Hebrew), GSI/13/2008, 45.

Nof, R. N., G. Baer, Y. Eyal, and F. Novali (2008b), Current surface displacement

along the carmel Fault system in Israel from InSAR stacking and PSInSAR, Isr. Jr.
Earth. Sci., 57(2), 71-86, doi: 10.1560/1JES.57.2.71.

Nof, R. N., A. Ziv, M.-P. Doin, G. Baer, Y. Fialko, S. Wdowinski, Y. Eyal, and Y.

Bock (2012), Rising of the lowest place on Earth due to Dead Sea water-level drop:

85



Evidence from SAR interferometry and GPS, J. Geophys. Res., 117, B05412, doi:
10.1029/2011JB008961.

Pe'eri, S., H. A. Zebker, Z. Ben-Avraham, A. Frumkin, and J. K. Hall (2004),
Spatially-resolved uplift rate of the Mount Sedom (Dead Sea) salt diapir from InSAR
observations, Israel Journal of Earth Sciences, 53(2), 99.

Peltier, W. R., R. A. Drummond, and A. M. Tushingham (1986), Post-glacial rebound
and transient lower mantle rheology, Geophysical Journal of the Royal Astronomical
Society, 87(1), 79-116, doi: 10.1111/j.1365-246X.1986.tb04548.x.

Price, E. J. and D. T. Sandwell (1998), Small-scale deformations associated with the
1992 Landers, California, earthquake mapped by synthetic aperture radar
interferometry phase gradients, Journal of Geophysical Research-Solid Earth,
103(B11),27001-27016, doi: 10.1029/98JB01821.

Puysségur, B., R. Michel, and J.-P. Avouac (2007), Tropospheric phase delay in
interferometric synthetic aperture radar estimated from meteorological model and
multispectral imagery, J. Geophys. Res., 112, B05419, doi: 10.1029/2006JB004352.

Quennell, A. M. (1959), Tectonics of the Dead Sea rift, Int. Geol. Congr. , 20th, 385-
405.

Reilinger, R. et al. (2006), GPS constraints on continental deformation in the Africa-
Arabia-Eurasia continental collision zone and implications for the dynamics of plate
interactions, Journal of Geophysical Research-Solid Earth, 111(BS5), B05411, doi:
10.1029/2005JB004051.

Remy, D., S. Bonvalot, P. Briole, and M. Murakami (2003), Accurate measurements
of tropospheric effects in volcanic areas from SAR interferometry data: application to
Sakurajima volcano (Japan), Earth Planet. Sci. Lett., 213(3-4), 299-310, doi: DOI:
10.1016/S0012-821X(03)00331-5.

Rosen, P., S. Hensley, 1. Joughin, F. Li, S. Madsen, E. Rodriguez, and R. Goldstein
(2000), Synthetic aperture radar interferometry - Invited paper RID A-2998-2008,
Proc IEEE, 88(3), 333-382, doi: 10.1109/5.838084.

Rott, H., B. Scheuchl, A. Siegel, and B. Grasemann (1999), Monitoring very slow
slope movements by means of SAR interferometry: A case study from a mass waste
above a reservoir in the Otztal Alps, Austria, Geophys. Res. Lett., 26(11), 1629-1632,
doi: 10.1029/1999GL900262.

Sadeh, M. (2011), Crustal deformation along the Dead Sea Transform and Carmel
Fault inferred from GPS measurements and elastic models, M.Sc. thesis, 71 pp.,
Department of Geological and Environmental Sciences, Ben-Gurion University of the
Negev, Beer-Sheva, Israel.

Sandwell, D. T. and L. Sichoix (2000), Topographic phase recovery from stacked
ERS interferometry and a low-resolution digital elevation model, Journal of

86



Geophysical Research-Solid Earth, 105(B12), 28211-28222, doi:
10.1029/2000JB900340.

Savage, J. C. and R. O. Burford (1973), Geodetic determination of relative plate
motion in central California, Journal of Geophysical Research, 78, 832-845.

Scharroo, R. and P. Visser (1998), Precise orbit determination and gravity field
improvement for the ERS satellites, J. Geophys. Res., 103, 8113-8127, doi:
10.1029/97JC03179.

Schmidt, D. A., R. Burgmann, R. M. Nadeau, and M. d'Alessio (2005), Distribution of
aseismic slip rate on the Hayward fault inferred from seismic and geodetic data,
Journal of Geophysical Research-Solid Earth, 110(B8), B08406, doi:
10.1029/2004JB003397.

Schmidt, D. A. and R. Biirgmann (2003), Time-dependent land uplift and subsidence

in the Santa Clara valley, California, from a large interferometric synthetic aperture
radar data set, J. Geophys. Res., 108, 2416, doi: 10.1029/2002JB002267.

Shamir, G. (2011), Fault structure in the Dead Sea basin based on current earthquakes
relocation, in: Infrastructure instability along the Dead Dea final report 2008-2010,
Edited by Gidon Baer, Geological Survey of Israel, Jerusalem, Report GIS/02/2011,
18-29.

Sjoberg, L. E., M. Pan, E. Asenjo, and S. Erlingsson (2000), Glacial rebound near
Vatnajokull, Iceland, studied by GPS campaigns in 1992 and 1996, Journal of
Geodynamics, 29(1-2), 63-70, doi: DOI: 10.1016/S0264-3707(99)00061-7.

Tachikawa, T., M. Hato, M. Kaku, and A. Iwasaki (2011), Characteristics of ASTER
GDEM version 2, Geoscience and Remote Sensing Symposium (IGARSS), 2011
IEEE International.

Ten Brink, U. S., A. Al-Zoubi, C. H. Flores, Y. Rotstein, I. Qabbani, S. H. Harder,
and G. R. Keller (2006), Seismic imaging of deep low-velocity zone beneath the Dead

Sea basin and transform fault: Implications for strain localization and crustal rigidity,
Geophys. Res. Lett., 33(24), 1L.24314, doi: 10.1029/2006GL027890.

Ten Brink, U. S., N. Schoenberg, R. L. Kovach, and Z. Ben-Avraham (1990), Uplift
and a possible Moho offset across the Dead Sea transform, Tectonophysics, 180(1),
71-85, doi: DOI: 10.1016/0040-1951(90)90373-G.

Ten Brink, U. S. (2002), Corrigendum to ‘Lower crustal flow and the role of shear in
basin subsidence: An example from the Dead Sea Basin’: [Earth Planet. Sci. Lett. 199
(2002) 67-79], Earth Planet. Sci. Lett., 201(2), 447-448, doi: DOI: 10.1016/S0012-
821X(02)00710-0.

Thatcher, W. and F. F. Pollitz (2008), Temporal evolution of continental lithospheric
strength in actively deforming regions, GSA Today, 18, 4-11.

87



Usai, S. (2003), A least squares database approach for SAR interferometric data,
IEEE Trans. Geosci. Remote Sens., 41(4), 753-760, doi: 10.1109/TGRS.2003.810675.

Vigny, C., P. Huchon, J. C. Ruegg, K. Khanbari, and L. M. Asfaw (2006),
Confirmation of Arabia plate slow motion by new GPS data in Yemen, J. Geophys.
Res., 111, B02402, doi: 10.1029/2004JB003229.

Wachs, D., Y. Yechieli, V. Shtivelman, A. Itamar, G. Baer, M. Goldman, E. Raz, M.
Rybekov, and U. Schattner (2000), Formation of sinkholes along the Dead Sea shore,

Summary of findings from the first stage of research, Geological Survey of Israel
Report GSI/ 41/2000, 49.

Wadge, G. et al. (2002), Atmospheric models, GPS and InSAR measurements of the
tropospheric water vapour field over Mount Etna, Geophys. Res. Lett., 29(19), 1905,
doi: 10.1029/2002GL015159.

Walcott, R. I. (1970), Flexural Rigidity, Thickness, and Viscosity of Lithosphere,
Journal of Geophysical Research, 75(20), 3941-&, doi: 10.1029/JB0751020p03941.

Watts, A. B. (2001), Isostasy and Flexure of the Lithosphere / A.B. Watts, Cambridge
University Press.

Wdowinski, S., Y. Bock, G. Baer, L. Prawirodirdjo, N. Bechor, S. Naaman, R. Knafo,
Y. Forrai, and Y. Melzer (2004), GPS measurements of current crustal movements
along the Dead Sea Fault, J. Geophys. Res., 109, B05403, doi:
10.1029/2003JB002640.

Wdowinski, S. and E. Zilberman (1996), Kinematic modelling of large-scale
structural asymmetry across the Dead Sea Rift, Tectonophysics, 266(1-4), 187-201,
doi: DOI: 10.1016/S0040-1951(96)00238-7.

Wdowinski, S. and E. Zilberman (1997), Systematic analyses of the large-scale
topography and structure across the Dead Sea Rift, Tectonics, 16(3), 409-424, doi:
10.1029/97TC00814.

Weber, M. et al. (2004), The crustal structure of the Dead Sea Transform,
Geophysical Journal International, 156(3), 655-681.

Wegmuller, U., C. Werner, and T. Strozzi (1998), SAR interferometric and
differential interferometric processing chain, Geoscience and Remote Sensing
Symposium Proceedings, 1998. IGARSS '98. 1998 IEEE International.

Weinberger, R., Z. B. Begin, N. Waldmann, M. Gardosh, G. Baer, A. Frumkin, and S.
Wdowinski (2006a), Quaternary rise of the Sedom diapir, Dead Sea basin, Geological
Society of America Special Papers, 401, 33-51, doi: 10.1130/2006.2401(03).

Weinberger, R., V. Lyakhovsky, G. Baer, and Z. B. Begin (2006b), Mechanical
modeling and InSAR measurements of Mount Sedom uplift, Dead Sea basin:
Implications for effective viscosity of rock salt, Geochem. Geophys. Geosyst., 7(5),
Q05014, doi: 10.1029/2005GC001185.

88



Werner, C., U. Wegmuller, T. Strozzi, and A. Wiesmann (2003), Interferometric point
target analysis for deformation mapping, Geoscience and Remote Sensing
Symposium, 2003. IGARSS '03. Proceedings. 2003 IEEE International.

Werner, C., U. Wegmiiller, T. Strozzi, and A. Wiesmann (2002), Processing strategies
for phase unwrapping for INSAR applications, EUSAR 2002, Cologne, Germany, 4-6
June.

Williams, S. D. P., Y. Bock, P. Fang, P. Jamason, R. M. Nikolaidis, L. Prawirodirdjo,
M. Miller, and D. J. Johnson (2004), Error analysis of continuous GPS position time
series, J. Geophys. Res., 109, B03412, doi: 10.1029/2003JB002741.

Wright, T., E. Fielding, and B. Parsons (2001), Triggered slip: observations of the 17
August 1999 Izmit (Turkey) earthquake using radar interferometry, Geophys. Res.
Lett., 28(6), 1079-1082, doi: 10.1029/2000GLO11776.

Wright, T., B. Parsons, P. England, and E. Fielding (2004), InSAR observations of
low slip rates on the major faults of western Tibet RID A-5892-2011 RID A-1920-
2010 RID A-1288-2007, Science, 305(5681), 236-239, doi: 10.1126/science.1096388.

Yechieli, Y. (1993), The effects of water level changes in closed lakes (Dead Sea) on
the surrounding groundwater and country rocks, Ph.D. thesis, 197 pp., Weizmann
Institute of Science, Rehovot, Israel.

Zak, 1. and R. Freund (1981), Asymmetry and basin migration in the dead sea rift,
Tectonophysics, 80(1-4), 27-38, doi: DOI: 10.1016/0040-1951(81)90140-2.

Zak, 1. (1967), The geology of Mount Sedom, Ph.D. thesis, 208 pp., Hebrew
University, Jerusalem, Israel.

Zebker, H. A. and R. M. Goldstein (1986), Topographic Mapping from
Interferometric Synthetic Aperture Radar Observations, Journal of Geophysical
Research-Solid Earth and Planets, 91(B5), 4993-4999, doi:
10.1029/JB091iB05p04993.

Zebker, H. A., P. A. Rosen, R. M. Goldstein, A. Gabriel, and C. L. Werner (1994), On
the Derivation of Coseismic Displacement-Fields using Differential Radar
Interferometry - the Landers Earthquake, J. Geophys. Res. -Solid Earth, 99(B10),
19617-19634, doi: 10.1029/94JB01179.

Zebker, H. A. and J. Villasenor (1992), Decorrelation in Interferometric Radar
Echoes, IEEE Trans. Geosci. Remote Sens., 30(5), 950-959, doi: 10.1109/36.175330.

Zebker, H. A., P. A. Rosen, and S. Hensley (1997), Atmospheric effects in
interferometric synthetic aperture radar surface deformation and topographic maps, J.

Geophys. Res., 102, 7547-7563, doi: 10.1029/96JB03804.

89



Appendix A

Python codes

Python scripts were used in this study to automate the processing of over 400

interferograms and to support the data analysis. The Python scripts were designed to

work on Linux environment and are highly dependent on the PyLab suite (Numpy,

Scipy, matplotlib and ipython) which is also available for cross platform from

http://www.enthought.com/. The following Python codes are available for public use,

yet their use is solely on the user's responsibility.

Script Name

Description

raw2gamma.py

Gamma_utils.py

par2rsc.py
cut_SLC.py
GDEM.py
SRTM.py
ITM2WGS.py

vec_utils.py

shapefile.py

shp2vec.py
tab2ERvec.py
Stack_utils.py
Stacking.tar.gz

RoiView-
0.75_src_full.tar.gz

A script for converting ERS, Envisat and ALOS acquisitions from raw to
Gamma SLC format.

A script for Gamma interferometric processing including slave resampling,
interferogram creation, flattening and topography removing, filtering, baseline
re-estimation and geocoding. Processing steps can be run as one flow or at
different starting and ending points.

A script to convert from Gamma headers to Roi-Pac and ERMapper headers.
A script for cutting an SLC image to a smaller region.

A script for mosaicking ASTER GDEM geotiff files.

A script for downloading and creating SRTM V4 DEM.

A script for converting x,y,z point from Israel New GRS80 Coordinate system
to geographical WGS84 coordinate system

A script for handling ERMapper vector files with PyLab
(http://www.scipy.org/PyLab) module.

A module by jlawhead @ geospatialpython.com for handalling ESRI shapefiles
(needed for the following script)

A script for converting ERSI shapefiles to ERMapper vector files.
A script for converting a text file table to ERMapper vector file.
Scripts and utilities for pre-processing and stacking of the data

A C code used for the joint-inversion described in Chapter 3.2.

A python based program for viewing and exploring InSAR data. Also
available online at: http://roiview.sourceforge.net/
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Appendix B Available data

The following tables list the available data used in this study. Master and slave dates

are in yymmdd (year, month day) format.

Table B 1. Summary of available data.

Satellite Track Frames No. of Images No. of Table
interferograms

ERS 78 2961,2979 33 178 Table B 2
ERS 71 621 17 47 Table B 3
Envisat 78 2961,2979 29 142 Table B 4
ALOS 602 610,620 20 45 Table B 5
COSMO- N.A N.A 10 9 Table B 6
SkyMed

Table B 2. ERS-1 and ERS-2 available data, descending track 78, frames 2961 and 2979.

No. Master date Slave date Perpendicular Time Used in
baseline (m) difference (days) Section 3

1 920611 930805 -116 420

2 920611 930909 202 455

3 920611 950729 -179 1143

4 920611 950730 -221 1144

5 920611 951007 -28 1213

6 920611 951111 -221 1248

7 920611 951216 223 1283

8 920611 951217 -83 1284

9 920611 960505 283 1424

10 920611 960714 -166 1494

11 920611 970209 -220 1704

12 920611 971012 -90 1949

13 920611 980510 64 2159

14 920611 990530 245 2544

15 920611 010114 -123 3139

16 930805 950729 -64 723 *

17 930805 950730 -105 724 *

18 930805 951007 88 793 *

19 930805 951111 -106 828 *

20 930805 951217 33 864 *

21 930805 960714 -51 1074 *
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No. Master date Slave date Perpendicular Time Used in
baseline (m) difference (days) Section 3
22 930805 970209 -105 1284
23 930805 971011 -254 1528 *
24 930805 971012 26 1529 *
25 930805 971221 -250 1599 *
26 930805 980510 180 1739 *
27 930805 990321 -236 2054 *
28 930805 010114 -7 2719 *
29 930909 951007 -229 758 *
30 930909 951216 22 828 *
31 930909 951217 -284 829 *
32 930909 960504 187 968 *
33 930909 960505 82 969 *
34 930909 971012 -292 1494 *
35 930909 980510 -138 1704 *
36 930909 990214 163 1984 *
37 930909 990530 43 2089 *
38 950415 950520 -199 35 *
39 950415 950730 272 106 *
40 950415 951111 271 210 *
41 950415 951112 -37 211 *
42 950415 970209 273 666
43 950415 971011 123 910 *
44 950415 971221 127 981 *
45 950415 990321 140 1436 *
46 950415 000618 -63 1891 *
47 950520 950902 -180 105 *
48 950520 950903 -256 106 *
49 950520 951112 162 176 *
50 950520 960330 -255 315 *
51 950520 990425 -116 1436 *
52 950520 990704 -105 1506 *
53 950520 000618 136 1856 *
54 950520 001210 -112 2031 *
55 950624 950902 249 70 *
56 950624 950903 173 71 *
57 950624 960330 174 280 *
58 950729 950730 -42 1 *
59 950729 951007 152 70 *
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No. Master date Slave date Perpendicular Time Used in
baseline (m) difference (days) Section 3

60 950729 951111 -42 105 *
61 950729 951217 97 141 *
62 950729 960714 13 351 *
63 950729 970209 -40 561

64 950729 971011 -190 805 *
65 950729 971012 89 806 *
66 950729 971221 -187 876 *
67 950729 980510 244 1016 *
68 950729 990321 -173 1331 *
69 950729 010114 57 1996 *
70 950730 951007 193 69 *
71 950730 951111 0 104 *
72 950730 951217 138 140 *
73 950730 960714 54 350 *
74 950730 970209 2 560

75 950730 971011 -149 804 *
76 950730 971012 131 805 *
77 950730 971221 -145 875 *
78 950730 980510 285 1015 *
79 950730 990321 -131 1330 *
80 950730 010114 98 1995 *
81 950902 950903 -76 1 *
82 950902 960330 -75 210 *
83 950902 990425 64 1331 *
84 950902 990704 75 1401 *
85 950902 001210 67 1926 *
86 950903 960330 1 209 *
87 950903 990425 140 1330 *
88 950903 990704 151 1400 *
89 950903 001210 143 1925 *
90 951007 951111 -194 35 *
91 951007 951216 251 70 *
92 951007 951217 -55 71 *
93 951007 960714 -139 281 *
94 951007 970209 -192 491

95 951007 971012 -62 736 *
96 951007 980510 92 946 *
97 951007 990530 272 1331 *
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No. Master date Slave date Perpendicular Time Used in
baseline (m) difference (days) Section 3

98 951007 010114 -95 1926 *
99 951008 951216 -298 69 *
100 951008 960504 -132 209 *
101 951008 960505 -238 210 *
102 951008 990214 -157 1225 *
103 951008 990530 =277 1330 *
104 951111 951217 139 36 *
105 951111 960714 55 246 *
106 951111 970209 1 456

107 951111 971011 -148 700 *
108 951111 971012 132 701 *
109 951111 971221 -145 771 *
110 951111 980510 286 911 *
111 951111 990321 -131 1226 *
112 951111 010114 99 1891 *
113 951112 971011 159 699 *
114 951112 971221 163 770 *
115 951112 990321 177 1225 *
116 951112 990425 -279 1260 *
117 951112 990704 -267 1330 *
118 951112 000618 -27 1680 *
119 951112 001210 -275 1855 *
120 951216 960504 165 140 *
121 951216 960505 60 141 *
122 951216 980510 -159 876 *
123 951216 990214 141 1156 *
124 951216 990530 21 1261 *
125 951217 960714 -84 210 *
126 951217 970209 -137 420

127 951217 971011 -287 664 *
128 951217 971012 -7 665 *
129 951217 971221 -283 735 *
130 951217 980510 147 875 *
131 951217 990321 -270 1190 *
132 951217 010114 -40 1855 *
133 960330 990425 139 1121 *
134 960330 990704 150 1191 *
135 960330 001210 142 1716 *
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No. Master date Slave date Perpendicular Time Used in
baseline (m) difference (days) Section 3

136 960504 960505 -105 1 *
137 960504 990214 -24 1016 *
138 960504 990530 -144 1121 *
139 960505 980510 -219 735 *
140 960505 990214 81 1015 *
141 960505 990530 -39 1120 *
142 960714 970209 -53 210

143 960714 971011 -203 454 *
144 960714 971012 77 455 *
145 960714 971221 -200 525 *
146 960714 980510 231 665 *
147 960714 990321 -186 980 *
148 960714 010114 44 1645 *
149 970209 971011 -149 244

150 970209 971012 131 245

151 970209 971221 -145 315

152 970209 980510 284 455

153 970209 990321 -131 770

154 970209 010114 98 1435

155 971011 971012 280 1 *
156 971011 971221 3 71 *
157 971011 990321 17 526 *
158 971011 000618 -186 981 *
159 971011 010114 247 1191 *
160 971012 971221 -276 70 *
161 971012 980510 154 210 *
162 971012 990321 -263 525 *
163 971012 010114 -33 1190 *
164 971221 990321 14 455 *
165 971221 000618 -190 910 *
166 971221 010114 243 1120 *
167 980510 990214 301 280 *
168 980510 990530 180 385 *
169 980510 010114 -187 980 *
170 990214 990530 -120 105 *
171 990321 000618 -204 455 *
172 990321 010114 230 665 *
173 990425 990704 11 70 *
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No. Master date Slave date Perpendicular Time Used in

baseline (m) difference (days) Section 3
174 990425 000618 251 420 *
175 990425 001210 3 595 *
176 990704 000618 240 350 *
177 990704 001210 -9 525 *
178 000618 001210 -248 175 *

Table B 3. ERS-1 and ERS-2 available data, ascending track 71, frame 621.

No. Master date Slave date Perpendicular Time

baseline (m) difference (days)

1 930630 950728 89 758
2 930630 951006 -81 828
3 930630 951216 18 899
4 930630 971010 229 1563
5 930630 971011 -128 1564
6 930630 990529 -68 2159
7 930630 000513 267 2509
8 950519 950728 -329 70

9 950519 951110 224 175
10 950519 970802 180 806
11 950519 971010 -189 875
12 950519 990807 -3 1541
13 950519 991016 299 1611
14 950519 000513 -152 1821
15 950623 951110 -101 140
16 950623 951111 241 141
17 950623 970802 -144 771
18 950623 991016 -26 1576
19 950728 951006 -171 70
20 950728 951216 =72 141
21 950728 971010 140 805
22 950728 971011 -218 806
23 950728 990529 -159 1401
24 950728 000513 174 1751
25 951006 951215 -207 70
26 951006 951216 99 71
27 951006 960504 -298 211
28 951006 971011 -47 736
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No. Master date Slave date Perpendicular Time

baseline (m) difference (days)
29 951006 990529 13 1331
30 951110 970802 -43 631
31 951110 990807 =227 1366
32 951110 991016 75 1436
33 951215 960504 -91 141
34 951215 971011 161 666
35 951215 990529 220 1261
36 951216 971010 211 664
37 951216 971011 -146 665
38 951216 990529 -87 1260
39 951216 000513 248 1610
40 960504 971011 252 525
41 970802 990807 -184 735
42 970802 991016 118 805
43 971010 990529 -298 596
44 971010 990807 185 666
45 971010 000513 36 946
46 971011 990529 60 595
47 990807 000513 -149 280

Table B 4. Envisat available data, descending track 78, frames 2961 and 2979.

No. Master date Slave date Perpendicular Time

baseline (m) difference (days)
1 030119 041219 -18 700
2 030119 050123 59 735
3 030119 051204 -33 1050
4 030119 070128 -289 1470
5 030119 080427 -7 1925
6 030119 080914 -252 2065
7 030119 090726 64 2380
8 030119 091004 -7 2450
9 030119 091213 -298 2520
10 030713 040627 197 350
11 030713 041114 161 490
12 030713 060212 266 945
13 030713 070128 282 1295
14 030713 091213 272 2345
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No. Master date Slave date Perpendicular Time
baseline (m) difference (days)
15 040104 040314 73 70
16 040104 040905 198 245
17 040104 041010 -186 280
18 040104 061224 -260 1085
19 040104 070304 -298 1155
20 040104 090308 -299 1890
21 040314 040905 126 175
22 040314 041010 -259 210
23 040627 041114 -36 140
24 040627 060212 68 595
25 040627 070128 84 945
26 040627 080914 121 1540
27 040627 091213 75 1995
28 040801 041010 233 70
29 040801 050123 -293 175
30 040801 050821 45 385
31 040801 060319 52 595
32 040801 061224 159 875
33 040801 070304 121 945
34 040801 071104 -13 1190
35 040801 080323 -16 1330
36 040801 080706 1 1435
37 040801 090308 120 1680
38 040801 090726 -289 1820
39 040801 090830 50 1855
40 040801 091108 76 1925
41 041010 050821 -189 315
42 041010 060319 -181 525
43 041010 061224 -74 805
44 041010 070304 -112 875
45 041010 071104 -246 1120
46 041010 080323 -250 1260
47 041010 080706 -233 1365
48 041010 090308 -114 1610
49 041010 090830 -183 1785
50 041010 091108 -157 1855
51 041114 060212 105 455
52 041114 070128 121 805
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No. Master date Slave date Perpendicular Time
baseline (m) difference (days)

53 041114 080914 157 1400
54 041114 091213 111 1855
55 041219 050123 77 35
56 041219 051204 -15 350
57 041219 060212 -287 420
58 041219 070128 =271 770
59 041219 080427 11 1225
60 041219 080914 -234 1365
61 041219 090726 82 1680
62 041219 091004 11 1750
63 041219 091213 -280 1820
64 050123 051204 -92 315
65 050123 071104 280 1015
66 050123 080323 277 1155
67 050123 080427 -66 1190
68 050123 080706 294 1260
69 050123 090726 4 1645
70 050123 091004 -66 1715
71 050821 060319 8 210
72 050821 061224 114 490
73 050821 070304 77 560
74 050821 071104 -57 805
75 050821 080323 -61 945
76 050821 080706 -44 1050
77 050821 090308 75 1295
78 050821 090830 5 1470
79 050821 091108 32 1540
80 051204 060212 =272 70
81 051204 070128 -256 420
82 051204 080427 26 875
83 051204 080914 -219 1015
84 051204 090726 96 1330
85 051204 091004 26 1400
86 051204 091213 -266 1470
87 060212 070128 16 350
88 060212 080427 298 805
89 060212 080914 53 945
90 060212 091004 298 1330
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No. Master date Slave date Perpendicular Time
baseline (m) difference (days)
91 060212 091213 6 1400
92 060319 061224 107 280
93 060319 070304 69 350
94 060319 071104 -65 595
95 060319 080323 -68 735
96 060319 080706 -52 840
97 060319 090308 68 1085
98 060319 090830 -2 1260
99 060319 091108 24 1330
100 061224 070304 -38 70
101 061224 071104 -172 315
102 061224 080323 -175 455
103 061224 080706 -158 560
104 061224 090308 -39 805
105 061224 090830 -109 980
106 061224 091108 -83 1050
107 070128 080427 282 455
108 070128 080914 37 595
109 070128 091004 282 980
110 070128 091213 -10 1050
111 070304 071104 -134 245
112 070304 080323 -138 385
113 070304 080706 -121 490
114 070304 090308 -2 735
115 070304 090830 -72 910
116 070304 091108 -45 980
117 071104 080323 -4 140
118 071104 080706 13 245
119 071104 090308 132 490
120 071104 090726 -276 630
121 071104 090830 63 665
122 071104 091108 89 735
123 080323 080706 17 105
124 080323 090308 136 350
125 080323 090726 -273 490
126 080323 090830 66 525
127 080323 091108 92 595
128 080427 080914 -246 140
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No. Master date Slave date Perpendicular Time
baseline (m) difference (days)

129 080427 090726 70 455
130 080427 091004 0 525
131 080427 091213 -292 595
132 080706 090308 119 245
133 080706 090726 -289 385
134 080706 090830 49 420
135 080706 091108 76 490
136 080914 091004 245 385
137 080914 091213 -46 455
138 090308 090830 -70 175
139 090308 091108 -44 245
140 090726 091004 -71 70
141 090830 091108 26 70
142 091004 091213 -291 70

Table B 5. ALOS available data, ascending track 602, frames 610 and 620.

No. Master date Slave date Perpendicular Time
baseline (m) difference (days)

2 070802 071102 363 92
3 071102 071218 257 46
4 071218 080202 335 46
5 071102 080319 498 138
6 071218 080319 242 92
7 080202 080319 -92 46
8 070802 080619 -470 322
9 070917 080619 311 276
10 090622 090807 -418 46
11 070917 091107 -414 782
12 080619 091107 -103 506
13 070802 100207 85 920
14 070917 100207 243 874
15 071102 100207 -278 828
16 070802 100325 418 966
17 071102 100325 55 874
18 071218 100325 -199 828
19 080319 100325 -443 736
20 100207 100325 333 46
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No. Master date Slave date Perpendicular Time
baseline (m) difference (days)
21 070802 100510 439 1012
22 071102 100510 77 920
23 071218 100510 -178 874
24 080319 100510 -421 782
25 100207 100510 355 92
26 100325 100510 22 46
27 070802 100625 353 1058
28 071102 100625 -9 966
29 071218 100625 -264 920
30 100207 100625 269 138
31 100325 100625 -64 92
32 100510 100625 -86 46
33 071218 100810 328 966
34 080202 100810 -6 920
35 080319 100810 86 874
36 080202 100925 305 966
37 080319 100925 397 920
38 080504 100925 -219 874
39 100810 100925 311 46
40 080202 101226 306 1058
41 080319 101226 398 1012
42 080504 101226 -218 966
43 100810 101226 312 138
44 100925 101226 1 92
45 080504 110210 386 1012
Table B 6. COSMO-SkyMed available data
No. Master date Slave date Perpendicular Time
baseline (m) difference (days)
1 111214 111230 637 16
2 111230 120216 -1242 48
3 120216 120303 526 16
4 120303 120319 -234 16
5 120319 120404 61 16
6 120404 120420 136 16
7 120420 120506 -111 16
8 120506 120522 -944 16
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No. Master date Slave date Perpendicular Time
baseline (m) difference (days)

9 120522 120607 640 16

Appendix C  Sinkhole sites early detection

The following table lists the sinkhole sites location and detection time by air photos
and field observations compared to InSAR detection time as described in section

4.2.1.

Table C 1. Sinkhole sites detection time.

Site Name'  Location No First InSAR Satellite Detection
Lat/Lon’ Detection’  Detection’  Detected’ Prop.° Class’
930805- S-ERS, T-
Arugot 31.458/35.396  01/08/1994  01/08/1995 950729 78 F2961 D
S-ERS, T-
Samar 31.599/35.409  01/03/1994  01/12/1995  930630- 71 D
951006 F-621
H S-ERS, T-
Somth 31.396/35391  01/08/1990  01/12/1996  930623- 71 S
o 951111 F-621
S-ERS, T-
Qane North 31.639/35.427  01/12/1997  14/01/1999  950623- 71 S
951111 F-621
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Site Name Location No First InSAR Satellite Detection
Lat/Lon’ Detection’ Detection'  Detected’ Prop.° Class’
Drasa S-ERS, T-
S tgh 31.565/35.413  01/12/1996  01/02/1999  960504- 71 D
ou 971011 F-621
S-ERS, T-
Zugim 31.694/35.451  01/12/1997  01/02/1999  960504- 71 D
971011 F-621
S-ERS, T-
Qane2 31.616/35.414  01/12/1997  01/02/1999  960504- 71 D
971011 F-621
S-ERS, T-
Shalem1 31.557/35.408  01/12/1997  01/02/1999  960504- 71 S
971011 F-621
S-ERS, T-
Zeruya 31.435/35.388  01/12/1997  01/02/1999  950519- 71 D
951110 F-621
Avenat S-ERS, T-
South 31.677/35.448  01/02/1999  01/01/2000  960504- 71 D
971011 F-621
S-ERS, T-
Qanel 31.623/35.417  01/02/1999  01/01/2000  960504- 71 D
971011 F-621
S-ERS, T-
Avenat 31.680/35.446  01/01/2000  01/07/2001  960504- 71 D
971011 F-621
S-ERS, T-
Qane3 31.611/35.413  01/01/2000  01/07/2001  960504- 71 D
971011 F-621
S-ERS, T-
Shalem3 31.541/35.398  01/01/2000  01/07/2001  951215- 71 S
960504 F-621
S-ERS, T-
Shalem4 31.530/35.397  01/01/2000  01/07/2001  960504- 71 S
971011 F-621
S-ERS, T-
Hever Fan2 31.407/35.390  01/01/2000  01/07/2001  930630- 71 D
951006 F-621
Hever Fan3 31.400/35.388  01/01/2000  01/07/2001
S-ERS, T-
Ze'elim4 31.365/35.403  01/01/2000  01/07/2001  950623- 71 S
951111 F-621
S-ERS, T-
Ze'elim2 31.361/35.409  01/01/2000  01/07/2001  950623- 71 S
951111 F-621
S-ERS, T-
Ze'elim3 31.359/35.401  01/01/2000 01/07/2001  950623- 71 S
951111 F-621
Ze'elim S-ERS, T-
Mudl 31.350/35.409  01/01/2000 01/01/2002  950519- 71 S
950728 F-621
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Site Name' Location No First InSAR Satellite Detection
Lat/Lon’ Detection’ Detection'  Detected’ Prop.° Class’
Ze'di S-ERS, T-
Me ‘(’1‘2‘“ 31.347/35412  01/01/2000 01/01/2002  950519- 71 S
u 950728 F-621
b S-ERS, T-
N“‘fl‘;‘ 31.565/35415  01/07/2001  23/11/2002  960504- 71 D
or 971011 F-621
S-ERS, T-
Hever Fanl 31.410/35.387  01/07/2001  23/11/2002  971011- 71 S
990529 F-621
S-ERS, T-
Zeelim Fan  31.348/35.412  01/07/2001  23/11/2002  950519- 71 S
950728 F-621
S-ERS, T-
Mazor-East  31.428/35.390  01/07/2001  23/11/2002  960504- 71 S
971011 F-621
S-ERS, T-
Qidron 31.669/35.446  23/11/2002  27/09/2003  950519- 71 S
950728 F-621
S-ERS, T-
Hever Fan4  31.409/35.387  23/11/2002  27/09/2003  971011- 71 S
990529 F-621
Mish S-ERS, T-
E ‘st mar- - 31380/35401  23/11/2002  27/09/2003  990807- 71 S
a3 000513 F-621
Mishmar- S-ERS, T-
NE 31.386/35401  23/11/2002  27/09/2003  990807- 71 S
000513 F-621
S-ERS, T-
Zeelim 88  31.329/35.397  23/11/2002  27/09/2003  960504- 71 S
971011 F-621
Zeelim 31.338/35.413  23/11/2002  27/09/2003
Fan-South
S-ERS, T-
Shalem 5 31.529/35.397  27/09/2003  13/01/2005  960504- 71 S
971011 F-621
S-ERS, T-
Hever Fan5 31.410/35.391  27/09/2003  13/01/2005  971011- 71 S
990529 F-621
S-ERS, T-
Zeelim 88A  31.336/35.400  27/09/2003  13/01/2005  960504- 71 S
971011 F-621
S-ERS, T-
Zeelim 88B  31.339/35.402  27/09/2003  13/01/2005  960504- 71 S
971011 F-621
Zudim S-ERS, T-
S(‘)‘l‘llt‘h 31.688/35.448  13/01/2005  04/08/2006  950504- 71 D
971011 F-621
) 990807- S-ERS, T-
Qidrane 31.648/35.438  13/01/2005  04/08/2006 o3 i S
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Site Name' Location No First InSAR Satellite Detection

Lat/Lon’ Detection’ Detection'  Detected’ Prop.° Class’
F-621
S-ERS, T-
Heimar 31.138/35.385  13/01/2005 04/08/2006  950519- 71 D
951110 F-621

. Site name as labeled by e.g. [Abelson and Gabay, 2009].

. Location of site centroid in 2008 [Abelson and Gabay, 2009] in geographic coordinates.

. Site was not detected during a survey at this date.

. Site was first detected during a survey at this date. Note that the site could potentially be created during
the interval of no-detection and detection.

5. The site area showed significant subsidence during the interferogram interval, marked my master-slave
name in YYMMDD format. NA — No Available InSAR data

%, Satellite properties — S — satellite name, T - track and F - frame.

7. Detection class can be S (subsidence) or D (decorrelation) (see text for more details).

1
2
3
4
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