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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); (c) 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 InSAR 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.  

5 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.  
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 Python codes Appendix A

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

Gamma_utils.py  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. 

par2rsc.py  A script to convert from Gamma headers to Roi-Pac and ERMapper headers. 

cut_SLC.py  A script for cutting an SLC image to a smaller region. 

GDEM.py  A script for mosaicking ASTER GDEM geotiff files. 

SRTM.py  A script for downloading and creating SRTM V4 DEM. 

ITM2WGS.py  A script for converting x,y,z point from Israel New GRS80 Coordinate system 
to geographical WGS84 coordinate system 

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

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

shp2vec.py  A script for converting ERSI shapefiles to ERMapper vector files. 

tab2ERvec.py  A script for converting a text file table to ERMapper vector file. 

Stack_utils.py Scripts and utilities for pre-processing and stacking of the data 

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

RoiView-

0.75_src_full.tar.gz  

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

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 

interferograms 

Table 

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-

SkyMed 

N.A N.A 10 9 Table B 6 

 

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

No. Master date Slave date Perpendicular 
baseline (m) 

Time 
 difference (days) 

Used in 
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 

baseline (m) 

Time 

 difference (days) 

Used in 

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 

baseline (m) 

Time 

 difference (days) 

Used in 

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 * 



94 

 

No. Master date Slave date Perpendicular 

baseline (m) 

Time 

 difference (days) 

Used in 

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 

baseline (m) 

Time 

 difference (days) 

Used in 

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 * 



96 

 

No. Master date Slave date Perpendicular 

baseline (m) 

Time 

 difference (days) 

Used in 

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 

baseline (m) 

Time 

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 

baseline (m) 

Time 

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 

baseline (m) 

Time 

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 

baseline (m) 

Time 

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 

baseline (m) 

Time 

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 

baseline (m) 

Time 

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 

baseline (m) 

Time 

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 
baseline (m) 

Time 
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 

baseline (m) 

Time 

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 

baseline (m) 

Time 

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 

baseline (m) 

Time 

difference (days) 

9 120522 120607 640 16 

 Sinkhole sites early detection  Appendix C

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 Name1 Location 
Lat/Lon2 

No 
Detection3 

First 
Detection4 

InSAR 
Detected5 

Satellite 
Prop.6 

Detection 
Class7 

Lynch 

Strait 
31.295/35.395 19/09/1979 19/09/1980 NA   

Mor 31.242/35.365 19/09/1979 19/09/1980 NA   

Ur Hadita 31.300/35.409 01/10/1984 01/04/1985 NA   

Assa'el 31.391/35.392 01/12/1985 01/04/1987 NA   

Lisan 

Canal 
31.279/35.409 19/09/1979 01/08/1990 NA   

Hever 

North 
31.414/35.385 01/04/1987 01/08/1990 NA   

Ze'elim1 31.351/35.401 01/11/1987 01/08/1990 NA   

Newe 

Zohar 
31.152/35.367 01/01/1990 01/12/1990 NA    

Ein-Bokek 31.200/35.364 01/08/1990 01/08/1991 NA    

Ye'elim 31.233/35.362 01/12/1985 01/09/1992 NA   

Shalem2 31.547/35.398 01/08/1990 01/09/1992 NA   

Mishmar 31.380/35.397 01/08/1990 01/09/1992 NA   

Yesha 31.445/35.393 01/09/1992 01/03/1993 NA    

Mazor 31.425/35.384 01/09/1992 01/03/1993 NA   

Arugot 31.458/35.396 01/08/1994 01/08/1995 
930805-
950729  

S-ERS, T-
78 F2961 

D 

Samar 31.599/35.409 01/03/1994 01/12/1995 930630-
951006 

S-ERS, T-
71 
F-621 

D 

Hever 

South 
31.396/35.391 01/08/1990 01/12/1996 930623-

951111 

S-ERS, T-
71 
F-621 

S 

Qane North 31.639/35.427 01/12/1997 14/01/1999 950623-
951111 

S-ERS, T-
71 
F-621 

S 
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Site Name1 Location 
Lat/Lon2 

No 
Detection3 

First 
Detection4 

InSAR 
Detected5 

Satellite 
Prop.6 

Detection 
Class7 

Draga 

South 
31.565/35.413 01/12/1996 01/02/1999 960504-

971011 

S-ERS, T-
71 
F-621 

D 

Zuqim 31.694/35.451 01/12/1997 01/02/1999 960504-
971011 

S-ERS, T-
71 
F-621 

D 

Qane2 31.616/35.414 01/12/1997 01/02/1999 960504-
971011 

S-ERS, T-
71 
F-621 

D 

Shalem1 31.557/35.408 01/12/1997 01/02/1999 960504-
971011 

S-ERS, T-
71 
F-621 

S 

Zeruya 31.435/35.388 01/12/1997 01/02/1999 950519-
951110 

S-ERS, T-
71 
F-621 

D 

Avenat 
South 

31.677/35.448 01/02/1999 01/01/2000 960504-
971011 

S-ERS, T-
71 
F-621 

D 

Qane1 31.623/35.417 01/02/1999 01/01/2000 960504-
971011 

S-ERS, T-
71 
F-621 

D 

Avenat 31.680/35.446 01/01/2000 01/07/2001 960504-
971011 

S-ERS, T-
71 
F-621 

D 

Qane3 31.611/35.413 01/01/2000 01/07/2001 960504-
971011 

S-ERS, T-
71 
F-621 

D 

Shalem3 31.541/35.398 01/01/2000 01/07/2001 951215-
960504 

S-ERS, T-
71 
F-621 

S 

Shalem4 31.530/35.397 01/01/2000 01/07/2001 960504-
971011 

S-ERS, T-
71 
F-621 

S 

Hever Fan2 31.407/35.390 01/01/2000 01/07/2001 930630-
951006 

S-ERS, T-
71 
F-621 

D 

Hever Fan3 31.400/35.388 01/01/2000 01/07/2001     

Ze'elim4 31.365/35.403 01/01/2000 01/07/2001 950623-
951111 

S-ERS, T-
71 
F-621 

S 

Ze'elim2 31.361/35.409 01/01/2000 01/07/2001 950623-
951111 

S-ERS, T-
71 
F-621 

S 

Ze'elim3 31.359/35.401 01/01/2000 01/07/2001 950623-
951111 

S-ERS, T-
71 
F-621 

S 

Ze'elim 

Mud1 
31.350/35.409 01/01/2000 01/01/2002 950519-

950728 

S-ERS, T-
71 
F-621 

S 
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Site Name1 Location 
Lat/Lon2 

No 
Detection3 

First 
Detection4 

InSAR 
Detected5 

Satellite 
Prop.6 

Detection 
Class7 

Ze'elim 

Mud2 
31.347/35.412 01/01/2000 01/01/2002 950519-

950728 

S-ERS, T-
71 
F-621 

S 

Draga 

North 
31.565/35.415 01/07/2001 23/11/2002 960504-

971011 

S-ERS, T-
71 
F-621 

D 

Hever Fan1 31.410/35.387 01/07/2001 23/11/2002 971011-
990529 

S-ERS, T-
71 
F-621 

S 

Zeelim Fan 31.348/35.412 01/07/2001 23/11/2002 950519-
950728 

S-ERS, T-
71 
F-621 

S 

Mazor-East 31.428/35.390 01/07/2001 23/11/2002 960504-
971011 

S-ERS, T-
71 
F-621 

S 

Qidron 31.669/35.446 23/11/2002 27/09/2003 950519-
950728 

S-ERS, T-
71 
F-621 

S 

Hever Fan4 31.409/35.387 23/11/2002 27/09/2003 971011-
990529 

S-ERS, T-
71 
F-621 

S 

Mishmar-
East 

31.380/35.401 23/11/2002 27/09/2003 990807-
000513 

S-ERS, T-
71 
F-621 

S 

Mishmar-

NE 
31.386/35.401 23/11/2002 27/09/2003 990807-

000513 

S-ERS, T-
71 
F-621 

S 

Zeelim 88 31.329/35.397 23/11/2002 27/09/2003 960504-
971011 

S-ERS, T-
71 
F-621 

S 

Zeelim 

Fan-South 
31.338/35.413 23/11/2002 27/09/2003 

  
  

Shalem 5 31.529/35.397 27/09/2003 13/01/2005 960504-
971011 

S-ERS, T-
71 
F-621 

S 

Hever Fan5 31.410/35.391 27/09/2003 13/01/2005 971011-
990529 

S-ERS, T-
71 
F-621 

S 

Zeelim 88A 31.336/35.400 27/09/2003 13/01/2005 960504-
971011 

S-ERS, T-
71 
F-621 

S 

Zeelim 88B 31.339/35.402 27/09/2003 13/01/2005 960504-
971011 

S-ERS, T-
71 
F-621 

S 

Zuqim 
South 

31.688/35.448 13/01/2005 04/08/2006 950504-
971011 

S-ERS, T-
71 
F-621 

D 

Qidrane 31.648/35.438 13/01/2005 04/08/2006 
990807-
000513 

S-ERS, T-
71 

S 
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Site Name1 Location 
Lat/Lon2 

No 
Detection3 

First 
Detection4 

InSAR 
Detected5 

Satellite 
Prop.6 

Detection 
Class7 

F-621 

Heimar 31.138/35.385 13/01/2005 04/08/2006 950519-
951110 

S-ERS, T-
71 
F-621 

D 

1. Site name as labeled by e.g. [Abelson and Gabay, 2009]. 
2. Location of site centroid in 2008 [Abelson and Gabay, 2009] in geographic coordinates. 
3. Site was not detected during a survey at this date. 
4. 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 
6. 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). 

 



 

השתפלויות המקדימות היווצרות בולענים במספר מקומות. הכיסוי המרחבי והדיוק חסר 

שהוכן  ,משולבהתקדים של אותות התזוזה של פני השטח הושגו הודות לשימוש במודל טופוגרפי 

בעלי כיסוי  LiDARמטר לפיקסל ומנתוני  30בעל כיסוי מרחבי של  - ASTERמנתוני הלוויין 

מרחבי של חצי מטר לפיקסל. מדידות האינטרפרומטריה ותצפיות שדה מראות כי המעוותים של 

פני השטח מואצים בתקופת הגשמים ומואטים בהדרגתיות לאחר תקופה זו. הבולענים מופיעים 

   בשולי אזורי ההשתפלויות או במרכזם.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

ים המלח, ירידת מפלס, תגובה אלסטית, ליתוספירה, קרום, התרוממות, בולענים,  מילות מפתח:

השתפלות, ריאולוגיה, אינטרפרומטריה, אינטרפרומטריה של רדאר, לידר, סדרת זמן, העתק, 

  מודל טופוגרפי



 

  קצירת

מפלס ים מלח יורד בשנים האחרונות בקצב של כמטר בשנה. ירידת מפלס המים גורמת לתזוזות 

עוותים בפני השטח בעלי אורכי גל, עוצמות ומגמות שונים. בקנה המידה המקומי, תגובת פני ולמ

השטח לירידת המפלס מתבטאת בשקיעות הדרגתיות ובהיווצרות בולענים לאורך חופי ים המלח, 

המסכנים חיי אדם ותשתיות ומגבילים את הפיתוח הכלכלי באזור. בקנה מידה אזורי, תגובת 

רת מסת המים גורמת להתרוממות אזורית איטית, אך מובחנת, בעלת התפרשות הליתוספרה להס

מרחבית ועוצמה המוכתבות על ידי התכונות המכאניות האפקטיביות של הקרום והמעטפת 

העליונה יחדיו. שני סוגי התגובות נחקרים בעבודה זו בעזרת מדידות התאבכות גלי מכ"מ 

. תהליכי עיבוד הנתונים הותאמו במהלך המחקר 2012-ו 1992סינטטי, שנאספו בין השנים 

 זמן שונים.-למדידת מעוותים בעלי מאפייני מרחב

בסיס קצר, שחושבו - אינטרפרוגרמות בעלות קו 149תגובת הקרום האזורית נמדדת בעזרת 

בין  GPSוכן ממדידות  2001-ו 1993בין השנים  ERS-2-ו ERS-1הדמאות מלווייני  31באמצעות 

מ"מ בשנה, והתזוזה  4. קצב התרוממות הקרום העליון  בים המלח הוא עד 2011- ו 1997השנים 

ראי של טופוגרפיית האגן, דבר המוביל לשקלול תמורות בין ההתרוממות לבין -היא כמעט תמונת

הפרעות של שיכוב אטמוספרי. על מנת להתגבר על בעיות אלו, נכפתה מהירות קבועה עבור שינוי 

-קבועות באזור המחקר, ובו GPSאזה בכיוון הסתכלות הלוויין, בהתבסס על תצפיות מתחנות הפ

זמנית פתרון של קצב שינוי הפאזה, טעויות במודל הטופוגרפי ובמתאם בין הפאזה לבין 

הטופוגרפיה. בעוד שקצב התזוזות וטעויות המודל הטופוגרפי מחושבות באופן בלתי תלוי עבור כל 

בין הפאזה לטופוגרפיה מחושב באופן בלתי תלוי עבור כל הדמאת לוויין. פיקסל, המתאם 

באמצעות גישה זו האות של השיכוב האטמוספרי מופרד מהאות של תזוזות הקרקע. ההתרוממות 

המקסימאלית נמדדת קרוב לחוף, וקטנה עד לאפס באזור החוף של הים התיכון. השפעת שינוי 

ממד. נמצאה התאמה טובה בין תזוזות - סטי הומוגני בחציעומס המים מחושב באמצעות מודל אל

הקרקע המדודות והמחושבות כאשר נעשה שימוש בתכונות אלסטיות התואמות לתכונות 

קילומטרים תחת אגן ים המלח. התאמה זו  15המחושבות ממידע סייסמי וכבידה עד לעומק של 

על ידי התכונות האלסטיות של מרמזת כי תגובת הקרום לשינויי המפלס נשלטת ישירות בעיקר 

  הקרום העליון מתחת לאגן ים המלח.

השתפלויות מקומיות והקשרים בזמן ובמרחב בין ההשתפלויות לבין קריסת בולענים נחקרו 

 ERS ,Envisat ,ALOSאינטרפרוגרמות מלווייני  400-באמצעות יותר מ 2012עד  1992משנת 

) ומכיווני הסתכלות שונים. על פי L- ו X ,Cים (, בעלי אורכי גל שונCosmo-SkyMed (CSK) - ו

רוב הבולענים נוצרים לאורך ליניאמנטים, הקשורים להעתקים פעילים קבורים ולגבולות של 

) יש כיסוי ALSO -ו L )ERS ,Envisat-ו Cאזורי השתפלות רחבים. ללוויינים בעלי אורכי גל 

נטרפרוגרמות מנתונים אלו, בין השנים מטר לפיקסל וזמני חזרה של כחודש. אי 20-10מרחבי של 

, מראות סימנים של השתפלות הדרגתית לפני הופעת הבולענים על פני השטח. עם 2010לבין  1992

זאת, הקשר המדויק בזמן לא ניתן לביסוס. שיפור משמעותי הושג בקשר במרחב ובזמן באמצעות 

 16קסל וזמני חזרה של עד מטר רבוע לפי 3x3בעלות כיסוי מרחבי של  CSKשימוש בהדמאות 

  , גילתה2012ביוני,  7-לבין ה 2012בדצמבר,  14- יום. ניתוח אינטרפרוגרמות בין ה



 

  

  

  

  

      

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



 
 

 
 

 

 

 משרד האנרגיה והמים                   

 המכון הגיאולוגי
 

 

 תנועות קרום עכשוויות באזור ים המלח והשלכותיהן על
 ריאולוגיית הקרום ויציבות התשתית: מחקר באמצעות

 אינטרפרומטריה של רדאר
 
 
 
 
 
 

 נוף  רן נוביצקי
 
 
 
 
 
 
 
 

 לסינאט אוניברסיטת בן גוריון בנגב לפילוסופיה"עבודה זו הוגשה כחיבור לקבלת תואר  "דוקטור 

 

 
 
 
 
 

 העבודה נעשתה בהדרכתם של:

 , המכון הגיאולוגי, ירושליםגדעון ברדר' 

 המחלקה למדעי הגיאולוגיה והסביבה, אוניברסיטת בן גוריון בנגבאלון זיו ופרופ' יהודה אייל, דר' 
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